


INTRODUCTION 
The Enhanced Safety of Vehicles (ESV) program originated in 1970 under the North Atlantic 

Treaty Organization (NATO) Committee on the Challenges of Modern Society, and was 

implemented through memorandums of understanding between the Governments of the 

United States, France, Germany, Italy, the United Kingdom, Japan, and Sweden. The 

participating nations agreed to develop experimental safety vehicles to advance the state-of-

the-art technology in automotive safety engineering and to meet periodically to exchange 

information on their progress. Since its inception the number of international partners has 

grown to include the Governments of Canada, Australia, The Netherlands, Hungary, Poland, 

Republic of Korea, and two international organizations the European Enhanced Vehicle-safety 

Committee, and the European Commission. A representative from each country/organization 

serves as a Government Focal Point in support of the ESV program. 

 

In the interest of information exchange, The U.S. Department of Transportation, National 

Highway Traffic Safety Administration (NHTSA), distributes the Proceedings of the 25th 

International Technical Conference on the Enhanced Safety of Vehicles. The technical papers in 

this publication detail safety research efforts underway worldwide, and share the common 

interest of reducing motor vehicle related fatalities and injuries. 

 

The opinions, findings, and conclusions expressed in the publications are the original written 

work of the author(s) and not necessarily those of the U.S. Department of Transportation, 

National Highway Traffic Safety Administration. Traditional papers are accepted after the 

corresponding abstracts undergo technical review. To enhance the scientific content, twenty 

three papers were accepted for peer-review and published in a special edition of Traffic Injury 

Prevention 16(S1), by Taylor and Francis Group. These papers are available to the public via 

http://tandfonline.com/toc/gcpi20/18/sup1?nav=toclist 

 

On behalf of the Conference Organizing Committees we thank our international participants for 

their dedication and support of the 25th ESV Conference and look forward to your future 

participation. 
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ABSTRACT 
 

In 2013, an angular velocity based brain injury criterion BrIC, has been proposed by the National Highway 
Traffic Safety Administration (NHTSA) for consumer vehicle safety assessment tests. In this study, the effect of 
duration of angular velocities on the predictor’s precision was examined. The cumulative strain damage 
measure (CSDM) and the maximum principal strain were calculated with the data of 445 anthropomorphic test 
device (ATD) in various vehicle crash tests conducted by NHTSA and the Insurance Institute for Highway Safety 
(IIHS) using the Simulated Injury Monitor (SIMon ver. 4.0), a finite element model of human brain developed 
by NHTSA’s research institute. The test dataset which composed of different risk levels of brain injury CSDM, 
MPS, BrIC and their corresponding angular velocities and durations were classified using Self-Organizing Maps 
(SOMs) combined with hierarchical clustering. The result showed that the differences of the probability of the 
risks between CSDM, MPS and the corresponding BrICs might be larger when the peak values of angular 
velocities were higher and the corresponding time durations were shorter.  

 
INTRODUCTION 

The level of head injury risk of occupants in vehicle 
crashes is usually evaluated with HIC which is calculated 
using three components of linear head acclerations of 
ATD. Therefore, it is not possible to predict the brain 
injury risk caused by head rotational motions by HIC. 

Takhounts et al. proposed a kinematically based brain 
injury criterion, BrIC, to be used in regulatory or 
consumer safety vehicle safety assessment tests [1]. It is 
calculated with the peak values of angular velocities 
around three axis. If the time durations of critical 
angular velocities around three axis could be adujsted 
for loading signals to head, the coefficient of 
determination between CSDM and BrIC was not 
improved from the original formulation [2]. 

In our previous study, multi-variable regression 
analysis confirmed that, in addtion to the peak values 
of angular velocities, incorporating the peak values of 
angular acceleration around each axis would improve 
the accuracy of the predictor [3].  

The purpose of this study was to examine the effect of 
head angular velocities around each axis and the 
corresponding time durations on the accuracy of BrIC. 
Data were obtained on 445 ATDs in vehicle crash tests 
conducted at NHTSA and IIHS. The probability of AIS 4+ 

brain injury risks based on CSDM, MPS, BrIC and their 
corresponding peak values of angular velocities and 
their time durations were classified and analyzed 
visually with SOMs, a kind of neural network algorithm, 
combined with hierarchical clustering alogorithm. 

METHODS 

Data set and variables 
Frontal and lateral vehicle crash test data for 445 ATDs 

used in this study are shown in table 1.  
 

Table 1. 
Test conditions and number of ATD 

Crash test condition No. of ATDs 

Frontal Frontal RB 84 

Offset DB 20 

Small overlap RB 132 

Oblique offset MDB 57 

Lateral FMVSS 214 MDB 64 

IIHS MDB 46 

Pole 38 

Vehicle to vehicle 4 

RB : Rigid barrier, DB : Deformable barrier   
MDB: Moving deformable barrier 
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These were obtained from NHTSA’s [4] and IIHS’s site [5]. 
The SIMon code developed by NHTSA was used to 

calculate CSDM and MPS with these test data. Strain 
threshold of 0.25 was used to calculate the CSDM for 
each test [1]. 

Probabilities of AIS 4+ brain injury risks were then 
calculated with these two metric and two probabilities 
of AIS 4+ brain injury were calculated by CSDM and MPS 
based BrIC with the formulation in the literature [1]. In 
addition, the peak values of angular velocities 
around three axis of dummy head and the 
corresponding time durations were calculated for 
each test to classify dummy data.  

A time duration of angular velocity used in this study 
was defined as shown in figure 1 [2]. Tleft and Tright shown 
in Figure 1 are the closest intersection of time axis to 
the maximum value of angular velocity. The time 
duration is Tright – Tleft. 
 

 
Figure 1.  Duration of angular velocity 

12 variables used for classification of dummy data are 
shown in table 2. These variables were non-
dimensionalized by dividing them with the range from 
minimum to maximum after subtracting the minimum 
value for the corresponding variables when Euclidian 
distances as proximity of dummy data were calculated.  
 

Table 2. 
Variables for classification of ATD data 

No Variable 
Name 

Description 

1 CSDM Cumulative strain damage 
measure 

2 MPS Maximum principal strain 

3 BrIC Brain rotational injury 
criteria 

4 DTx Duration of angular velocity 
around fore-aft axis 

5 DTy Duration of angular velocity 
around horizontal axis 

6 DTz Duration of angular velocity 
around vertical axis 

7 PCSDM The probability of AIS 4+ 
brain injury based on CSDM 

8 PMPS The probability of AIS 4+ 
brain injury based on MPS 

9 PBrIC_CSDM The probability of AIS 4+ 
brain injury predicted by 
CSDM based BrIC 

10 PBrIC_MPS The probability of AIS 4+ 
brain injury predicted by 
MPS based BrIC 

11 DIFF_CSDM Difference between PCSDM 
and PBrIC_CSDM 

12 DIFF_MPS Difference between PMPS 
and PBrIC_MPS 

 

Visualizing test data with SOMs [6] 
A schematic diagram of SOM is shown in Figure 2. 

SOMs were used to visualize in which tests 
probabilities of AIS 4+ brain injury based on CSDM 
and MPS were well-predicted by BrIC and also 
identified the tests where they were not well-
predicted.  The ATDs’ data were non-linearly mapped 
on a two-dimensional layer where the locations of 
the input data were determined based on the 
weighted Euclidian distances. The weighted values of 
variables from #7 to #12 in table 2 were set to zero 
to prevent highly correlated variables from affecting 
the SOM results.  

 

 

 

 

 

Figure 2.  Self-Organizing Maps 

RESULTS 

Comparison of level of brain injury risk 
Figure 3(a) shows the comparison of brain injury risk 

predicted by CSDM (vertical axis) and that of BrIC 
(horizontal axis), while Figure 3(b) shows the 
comparison of brain injury risk predicted by MPS 
(vertical axis) and that of BrIC (horizontal axis).  
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The results inside the dotted ellipse indicates that 
PCSDM and PMPS values were higher than those of PBrIC. 
Therefore, BrIC underestimated the levels of brain 
injury risks compared with CSDM and MPS in these 
tests. 

The accuracy of the prediction in such severe loadings 
will be important when there is a possibility of high 
brain injury risk in a vehicle safety performance test. 
Therefore, the effect of the peak level of head angular 
velocities around each axis and their corresponding 
time durations on the accuracy of BrIC were thoroughly 
examined. 

 

 
(a) 

 
(b) 

Figure 3.  Comparison results of brain injury risk 
predicted by (a) CSDM and BrIC; (b) MPS and BrIC 

 
Cluster analysis of dummy data 

The name and cluster locations are shown in Fig. 4.  
 

 

 
 
 

Figure 4.  Self-Organizing Maps and cluster names 

6 clusters were found to be appropriate to analyze the 
effect of variables on the precision of BrIC. Table 3 
shows the number of dummy in each cluster. 

 
Table 3. 

Number of ATD in each cluster 

No. of 
Cluster 

No. of  
dummy data 

1 26 

2 40 

3 286 

4 50 

5 38 

6 5 

 
Figure 5 shows the output layers for each variable 

such as PCSDM, PMPS, etc. Black dots in each map 
represent ATDs’ data in all tests and are located in 
the same positions in all maps. The values of the 
variables in each region increase as the color of the 
regions becomes warmer. 
 

 
  

Figure 5.  Self-Organizing Maps 
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Relatively higher levels of brain injury risk of the 
ATDs’ data based on CSDM, MPS and their 
corresponding BrICs gathered on the left side of 
these maps and classified into cluster 1, 2 and 6 
(marked as A). The output layers of the variable 
“DIFF_CSDM” and “DIFF_MPS” showed that clusters 
1, 2 and 6 had relatively higher values of this variable 
than the other clusters (marked as B). 

The output layers of the variable “DTX”, “DTY”, “DTZ” 
showed that clusters 1, 2 and 3 had data which had 
relatively shorter time duration of angular velocities  
than the other clusters (marked as C), while tests 
which had relatively longer time durations of angular 
velocities were classified into cluster 6 (marked as D).  

Here comparing data from cluster 1, 2, 3 would be 
helpful to clarify the mechanisms why the probability 
of AIS 4+ based on CSDM and MPS were not 
predicted well by corresponding BrIC values in some 
tests like as shown by dotted ellipse in Figure 1, 
compared to those well-predicted in other tests like 
cluster 3. In addition, the number of test data that 
belonged to those clusters were comparatively large 
except cluster 6 which contained only five test data. 

Figure 6 shows the average values of twelve 
variables for cluster 1, 2 and 3. The values of 
DIFF_CSDM for cluster 1 and 2 were the almost same. 
They were approximately three times as that of 
cluster 3. The value of DIFF_MPS of cluster 1, on the 
other hand, was larger than that of cluster 2 and 
three times larger than that of cluster 3 (marked as 
E).   

The average values of time duration of angular 
velocities around x and y axes in cluster 1 and 2 were 
shorter than those of cluster 3 in this manner while 
that of angular velocity around z were close to each 
other (marked as F). 

 

 
Figure 6.  Average values of each cluster 

Figure 7 shows the distributions of time duration 
of angular velocities around three axis for cluster 1,  

2 and 3. There were some tests in which the time 
durations of angular velocities around three axis 
were extremely short (marked as dotted ellipse). 

 

 

 

 

Figure 7.  Distribution of duration of angular 
velocities around each axis 

 

DISCUSSION 

Effect of time duration of angular velocities on the 
precision of BrIC 

 
Figure 5 shows test data which had relatively higher 

probability of AIS 4+ brain injury based on CSDM, 
MPS and BrIC were classified to cluster 1 and 2. The 
number of data in cluster 1 and 2 were 26 and 40 
respectively and not so few. Moreover, those 
clusters had the tests which had relatively higher 
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“DIFF_CSDM” and “DIFF_MPS” values, indicating 
that BrIC was less accurate in predicting the brain 
injury risk based on CSDM and MPS in these clusters 
(marked as B). In Figure 6, a comparison of the 
average values of cluster 1, 2 and 3 indicated that the 
precision of BrIC of cluster 1 and 2 which had higher 
probability of AIS 4+ brain injury and shorter time 
duration of angular velocities were worse than that 
of cluster 3. Based on these findings, the differences 
of the probability of risks among CSDM, MPS and the 
corresponding BrICs might be larger when the data 
have higher peak values of angular velocities and 
shorter time durations. Such typical examples were 
compared and shown in Figure 8(a), 8(b), in which 
the upper graph corresponds to the result of shorter 
time duration and the lower graph is related to the 
result of relatively longer time duration. They had 
close values of probability of AIS 4+ brain injury 
predicted by CSDM and MPS based BrIC (marked as 
dotted ellipse in Figure 8(a), 8(b)). 
 
 
 
 
 

 
 (a) 

 
(b) 

Figure 8.  Typical cases with (a) shorter (b) longer 
time duration of angular velocities 

Figure 8(a) shows the probabilities of AIS 4+ brain 
injury based on CSDM and MPS that increased up to 
about 80% after 50 msec. But the probabilities of AIS 
4+ brain injury predicted by CSDM and MPS based 
BrIC were approximately one half of that for CSDM 
and MPS. During that period, the values of angular 
velocity around x and z axis switched from negative 
peak to positive peak (marked as dotted square). This 
result suggested that considering the values from 
negative (positive) peak to positive (negative) peak 
might contribute to improve the precision of the 
predictor based on CSDM and MPS. In contrast, 
Figure 8 (b) shows the probabilities of AIS 4+ brain 
injury based on CSDM, MPS and BrIC that gradually 
increased in accordance with the increase of angular 
velocities. The probabilities of AIS 4+ brain injury 
based on CSDM, MPS and the corresponding BrIC 
reached close values at 150 msec. 
 
CONCLUSIONS 
 

Vehicle crash test data for 445 ATDs obtained from 
NHTSA and IIHS were analyzed using SOMs and 
hierarchical cluster analysis to investigate the effect 
of time duration of angular velocities around three 
axes on the level of precision of BrIC. Findings are 
summarized below.  
1. The differences of the probability of the risks 

between CSDM, MPS and the corresponding 
BrICs might be larger when the peak values of 
angular velocities were higher and the 
correspondig time durations were shorter. 

2. In addition to time durations of angular 
velocities, incorporating the values of peak-to-
peak of angular velocity around each axis into 
the predictor’s formulation might improve its 
level of  precision. 
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REACTION FORCE FOR MORE ACCURATE PREDICTION OF OCCUPANT KINEMATICS IN 
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ABSTRACT 
 
In future automotive crashes that involve advanced safety vehicles or autonomous vehicles, the number of 
minor or moderate injuries may increase because of vehicle slowing by safety systems such as autonomous 
emergency brakes. Recent studies suggest that pre-crash muscle activity of occupants could have significant 
effects on the kinematics of occupants in such situations. In previous studies, we developed a human body 
finite element (FE) model with whole-body muscles and a muscle controller with posture control to predict 
relaxed occupant kinematics during deceleration. However, the controller could not predict tensed-occupant 
kinematics. The objective of this study is to develop a muscle controller for more accurate prediction of 
relaxed- and tensed-occupant kinematics and to validate it in low-speed frontal crash situations. 

Total HUman Model for Safety (THUMS) version 5, including 262 one-dimensional Hill-type muscle models, 
is used and a new muscle controller using proportional-integral-derivative (PID) control is developed. The 
controller has two feedback controls involving three-dimensional angles of 16 joints and reaction forces using 
a steering wheel and pedals. The control of each joint angle works to return to the initial joint angle in order to 
maintain overall body posture. The control of each reaction force works to achieve a pre-determined target 
force. The controller is validated using a series of experimental data from cadaver and volunteer tests 
reproducing low-speed frontal impacts with peak sled accelerations of 2.5 G and 5.0 G, which are obtained 
from the literature. 

Simulation results demonstrate that head excursions predicted without any control and when using only 
posture control are similar to excursions from cadaver and relaxed volunteer test data, respectively. Head 
excursions predicted by a total controller with the two feedback controls of posture and force show a tendency 
similar to that for tensed volunteers. The forces predicted by the total controller are similar to those for the 
tensed volunteer test data for the pedals but not for the steering wheel. 

Further studies on optimization methods are needed in order to determine valid PID gain parameters in various 
dynamic environments. THUMS using the developed controller shows the potential for representation of both 
relaxed- and tensed-occupant kinematics during low-speed impact decelerations. 
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INTRODUCTION 

Recently, active safety systems such as 
autonomous emergency brakes (AEB) have been 
developed and implemented by several automobile 
manufacturers in cars on the market to prevent 
imminent accidents and thereby to reduce the 
number of fatalities more effectively than with 
only passive safety systems. In future automotive 
crashes involving advanced safety vehicles or 
autonomous vehicles, the number of severe 
injuries may decrease because of reduced 
vehicular impact speeds owing to pre-crash 
technology such as AEBs. However, we consider 
that the number of minor or moderate injuries with 
different tendencies from those of high-speed 
frontal collisions may increase due to possible 
changes in occupant kinematics owing to AEBs. 

Ejima et al. [1] performed a series of volunteer 
tests using adult male subjects seated on a frontal 
impact sled system with a peak deceleration of 0.8 
G, corresponding to that of a pre-crash event, with 
AEBs. They found that occupant kinematics with 
relaxed muscle conditions, i.e., assuming that the 
occupant does not anticipate a collision, were 
different from those for the tensed-muscle 
condition, i.e., in which the occupant anticipates a 
collision, and that occupant muscle activity could 
change postures just before collisions. Beeman et 
al. [2,3] performed a series of experimental tests 
with five male volunteers and three cadavers using 
a frontal sled with peak accelerations of 2.5 and 
5.0 G, which simulated low-speed crash 
decelerations. They found that muscle activity 
could have significant effects on occupant 
kinematics during low-speed frontal impacts. 

Some researchers have developed computational 
human models with active muscles. Human models 
are useful for investigating muscle activity effects 
on occupant behavior both in pre-crash and during 
crash events; in contrast, it is very difficult in 
volunteer tests to reproduce various crash 
situations. Meijer et al. [4] developed a multi-body 
human model including the muscles of the neck, 
arms, and legs. Each human body part was 
modeled as a rigid body, each joint was modeled 
with a mechanical joint, and each muscle was 
modeled using Hill-type muscle elements. They 
applied their model to prediction of occupant 
behavior during braking and impact by using 
proportional-integral-derivative (PID) control and 
tried to represent relaxed and braced muscle 
conditions by setting co-contraction levels of 
antagonist muscles. Östh et al. [5] developed a 
human body finite element (FE) model with some 

muscles in the neck, trunk, and upper extremities. 
They incorporated muscles modeled using Hill-
type muscle elements into a human body FE model 
called Total HUman Model for Safety (THUMS) 
version 3 [6], and applied their model to predicting 
occupant behaviors during decelerations applied 
by AEB or driver braking. Furthermore, they 
attempted to represent occupants with different 
muscle activity conditions by changing the 
reference posture control positions [7]. 

These researchers estimated occupant muscle 
activations using posture control with PID control 
by using information about translational and 
rotational displacements of joints or feature points. 
However, especially in braced conditions, some 
forces at contact areas between the human body 
and the vehicle interior may affect occupant 
behavior in pre-crash and during a crash. Hault-
Dubrulle et al. [8] conducted a series of volunteer 
tests to analyze the behavior of 80 drivers during 
critical events using a driving simulator. They 
showed that forces exerted on the steering wheel 
and the brake pedal during collisions increased on 
average by approximately 37% and 51%, 
respectively, in comparison with normal driving. 
Beeman et al. [2] showed that elbow and knee 
joint angles were extended with increased forces at 
the steering wheel or pedals in the braced 
condition in comparison with the relaxed 
condition. Therefore, forces generated by muscles 
are important in predicting occupant behavior in 
the braced condition. 

The objective of this study is to develop a new 
muscle controller with two feedback controls for 
posture and reaction forces imparted at the steering 
wheel and pedals for more accurate prediction of 
occupant kinematics with various muscle 
activations. We apply the developed controller to a 
human body model and validate it against 
volunteer test data obtained in dynamic 
circumstances of low-speed frontal crash 
situations. In addition, a braced condition 
reproduced by using constant muscle activation 
levels based on electromyography (EMG) data as 
in the previous study [9] is compared with the 
braced condition reproduced by the developed 
controller. 

METHODS 

In this study, we developed a muscle activation 
controller for whole-body muscles for THUMS 
version 5 to estimate occupant muscle activations 
by posture control with PID control [10]. THUMS 
is a computational human body FE model with a 



Kato 3 

total number of around 280,000 elements and has 
anatomical structures including the bones, skin, 
internal organs, brain, ligaments, and muscles. The 
muscle parts of THUMS were modeled with Hill-
type muscle properties, and each muscle had the 
capability of generating forces according to 
activation levels given by the activation controller 
at each time step. Muscle activation control was 
performed in parallel with FE simulation. In our 
previous study, the muscle controller was 
developed using Linux C++ and estimated whole-
body occupant kinematics during low-speed 
impact deceleration using THUMS version 5 and 
MPP LS-DYNA version 971 R6.1.2 single-
precision (LSTC, USA). However, MPP LS-
DYNA R8.0.0 single-precision (LSTC, USA) was 
released in 2015, and a PID controller was newly 
added as an internal function. By using this 
function, we have recently developed a controller 
for head-neck muscles for posture control so that 
simulations with muscle controls can be performed 
using only LS-DYNA [11]. In this study, we 
expanded the head-neck muscle controller to 
whole-body muscles. In addition, the calculation 
methods for each joint angle and for the muscle 
controller were modified. 

We newly developed a muscle controller for 
reaction force control using PID control and 
integrated it with the posture control to represent 
braced conditions of volunteers as shown in Figure 
1. The following section describes the definition of 
joints and the calculation method for each joint 
angle as well as the muscle controller for posture 
control, reaction force control, and total control of 
posture and force. 

 

 

Figure 1. The developed muscle activation 
controller. 
 
Definition of Joints and Calculation Method for 
Joint Angles in the New Muscle Controller 
In an update of previous studies [10,11], the 
human whole-body was divided into 17 body parts, 
where the trunk was divided coarsely into the 

thorax and the pelvis for simplification, as shown 
in Figure 2. In addition, the new muscle controller 
covered a total of 36 rotations in the anatomical 
joints between body parts as follows: 

• Assumed neck joint: lateral flexion (1), flexion-
extension (2), left rotation-right rotation (3), 

• Assumed trunk joint: lateral flexion (4), flexion-
extension (5), left rotation-right rotation (6), 

• Hip joints: adduction-abduction (7, 8), extension-
flexion (9, 10), internal rotation-external rotation 
(11, 12), 

• Knee joints: flexion-extension (13, 14), 

• Ankle joints: inversion-eversion (15, 16), plantar 
flexion-dorsiflexion (17, 18), 

• Assumed scapulo-thoracic (ST) joints: 
depression-elevation (19, 20), flexion-extension 
(21, 22), 

• Shoulder joints: adduction-abduction (23, 24), 
backward extension-forward flexion (25, 26), 
internal rotation-external rotation (27, 28), 

• Elbow joints: extension-flexion (29, 30), 
pronation-supination (31, 32), 

• Wrist joints: ulnar deviation-radial deviation (33, 
34), extension-flexion (35, 36). 

The posture of the scapulas and the upper arms 
were defined based on the thorax posture in 
definitions of the ST and shoulder joints. 

 

 

Figure 2. Definition of body parts and joints. 
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calculation method for joint angles. In previous 
studies [5,10], each joint angle of the FE model, in 
which joints were not defined by mechanical 
joints, was calculated as an angle between three 
points. However, when considering three-
dimensional angles for each joint, the previous 
method cannot express rotation around an axis 
linking two points. Therefore, in this study, we 
introduced a new method for calculating joint 
angles in the FE model. Each joint angle is 
calculated by the following procedure: 

1. Select three nodes in each body part among the 
17 body parts to define a local coordinate system 
in the body part. 

2. Define a base vector set of the local coordinate 
system in each body part. For example, as shown 
in Figure 3, when the selected X-Y plane is 
defined by three nodes and two vectors of X1 and 
Y1 out of the three nodes, including the origin, are 
defined, the X axis is set along the vector X1 and 
the Z axis is obtained from the cross product of X1 
and Y1. In addition, when a vector Z1 is defined 
along the Z axis, the Y axis is obtained from a 
cross product of Z1 and X1. The base vector set 
for a body part is defined along the three axes as 
three vectors whose sizes are 1. 

3. Calculate the rotation matrix of each joint from 
two base vector sets of two adjacent body parts. 
For example, the base vector sets of the thorax and 
the head coordinate systems are used to calculate 
the neck joint angle. 

4. Convert the rotation matrix into Cartesian 
rotation vectors in the direction of the rotation axis 
and with lengths equal to the amplitude of the 
rotation [12]. 

5. Express the Cartesian rotation vectors in a local 
coordinate system on the side close to the pelvis 
among the two local coordinate systems. For 
example, in the neck joint, the Cartesian rotation 
vector is expressed in the thorax coordinate 
system. 

Cartesian rotation vectors are more advantageous 
compared with other expressions of rotation angles 
such as Euler angles from the viewpoints of easy 
geometrical interpretation and the absence of 
kinematic singularities. 

 

 

Figure 3. Definition of a local coordinate system. 
 
Development of a Muscle Controller for Posture 
Control 
The posture control was modified somewhat from 
that reported in the previous study [10]. The PID 
controllers were represented by the PIDCTL 
function implemented in LS-DYNA. The 
controller function calculates control signals ju  

based on the errors je  (rad), which are differences 
between each joint angle and each target angle 
defined as follows: 
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where the subscript index j  (=1, …, 36) 
represents each of the 36 rotations covered by the 
controller, jkP  (rad-1), jk I  (rad-1 s-1), and jkD  

(s/rad) are PID gains, and nt  (s) is the current time 
step. Furthermore, the target angle was set as the 
initial joint angle to maintain the initial posture of 
the model. 

The calculation of muscle activation levels was 
based on the expression [10] describing the firing 
rate of muscle motor neurons using a sigmoid 
curve. Muscle activation levels iaposture  with a 
range of 0 to 1 were calculated according to 
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where the subscript index i  (=1, …, 218) 
represents each of the 218 muscles except for 
muscles of the hands and the feet, 0

iA  are base 

activation levels, iC  are muscle activation 

coefficients, S  and B  are constants of a sigmoid 
curve, is  are sigmoid curves, and iw  are 

intermediate variables. In addition, jiR  are the 
percentage contributions of each muscle to each 
joint motion, which were determined according to 
the information on the role of each muscle 
described in anatomical texts (e.g. [13]). For 
example, we show some percentage contributions 

jiR  of right lower-extremity muscles for hip and 
knee joint motions in Table A1. This expression 
formula using a sigmoid curve is one of the 
hypotheses used in this study, but it has the 
potential to express the threshold of muscle firing 
using the constants S  and B . However, because 
of a lack of data for expressing the threshold 
quantitatively, in this study, the constants S  and 
B  were provisionally set to 9.19 and 4.60 
respectively; these values were adjusted so that the 
sigmoid curve changed from 0.01 to 0.99 while the 
intermediate variables iw  changed from 0 to 1. 

Development of a Muscle Controller for 
Reaction Force Control 
In the muscle controller for reaction forces, first 
the error between each estimated reaction force 
and each target force was obtained. The estimated 
reaction force was calculated as described in the 
Appendices. The target forces were set to 300 N 
for each hand and 400 N for each foot in this study 
based on forces measured from a volunteer test on 
a braced occupant [3]. Next, control signals hv  

were calculated based on the errors hε  (N) as 
follows: 
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(Equation 3) 
 
where the subscript index h  (=1, …, 4) represents 
each force exerted by the hand or foot on the right 
or left side and hKP  (N-1), hK I  (N-1 s-1), and hKD  

(s/N) are PID gains. Finally, muscle activation 
levels  iaforce  for force control were calculated 
according to 

 
)()(force nh

h
hin i tvPta ⋅=∑  

(Equation 4) 
 
where hiP  are the percentage contributions of each 

muscle to the pushing force. The values of hiP  
were determined according to anatomical texts 
(e.g. [13]) wherein the role of each muscle is 
described, and the measured EMG data were 
obtained from volunteer tests in a braced situation 
[14]. Specifically, we set values in the range from 
0 to 0.3 for hiP  so that the ST and shoulder joints 
had flexion, the elbow joints had extension, the 
wrist joints had ulnar deviation and flexion, the 
hip joints had extension, the knee joints had 
extension, the ankle joints had plantar flexion, and 
the trunk had extension. For example, we also 
show some percentage contributions hiP  of the 
right lower-extremity muscles to pushing forces on 
the right pedal in Table A1. 

In the total control of posture and force for 
reproducing braced conditions, muscle activation 
levels  iatotal  were calculated according to 

 
.)()()( forceposturetotal n in in i tatata +=  

(Equation 5) 
 
Validation of Frontal Impact Responses 
The posture control and the total controller were 
applied to THUMS version 5, which has a body 
size in the 50th percentile of the American adult 
male (AM50) population with a sitting posture, 
and validated against a series of volunteer and 
cadaver test data obtained from the literature [3]. 

Beeman et al. [3] conducted a series of frontal sled 
tests using five male volunteers of approximately 
AM50 body size and three male cadavers. The 
peak decelerations of the sled were 2.5 G and 5.0 
G for these groups, which are equivalent to 
collisions at 4.8 km/h and 9.7 km/h, respectively. 
Each volunteer was exposed to two sled impulses 
under two muscle conditions, i.e., relaxed and 
braced states. All subjects of the tests sat on a rigid 
seat equipped with a three-point seatbelt and 
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placed their feet on the foot plates and their hands 
on the simulated steering wheel. Occupant motions 
during decelerations were measured using a three-
dimensional motion-capturing system. 

Simulation setups were reproduced using THUMS 
similar to the abovementioned experimental 
setups, as shown in Figure 4. In particular, the 
initial posture of the human subject in each test 
condition was reproduced carefully. We validated 
our muscle controller by comparing excursions of 
the head’s center of gravity (CG) because head 
excursion is critical to understanding occupant 
kinematics in frontal crashes. We performed the 
simulations without muscle activation to reproduce 
cadaveric conditions, with posture control to 
reproduce the relaxed volunteer conditions, and 
with total control of posture and force to reproduce 
the braced or tensed-volunteer conditions. 

 

  
Figure 4. Simulation setup for representing 
frontal sled tests [3]. 
 

RESULTS 

Tuning of Control Parameters 
In order to apply the muscle controller to the 
human body model, tuning of control parameters is 
required. In this study, parameters for posture 
control were first determined by trial and error 
based on comparison with experimental data in 
relaxed volunteer conditions. For simplification, 
common controller gains for posture control were 
used in each of the three parts of the trunk and 
neck, upper extremity, and lower extremity, and 
their P gains were set to 8 rad-1, 10 rad-1, and 2 rad-

1, respectively. On the other hand, the I and D 
gains for posture control were set to zero values 
based on parametric studies which we performed 
to investigate the effects of I and D gains on 
occupant behavior. Next, using the determined 
posture control gains, parameters for force control 
were determined by trial and error based on 
comparison with experimental data in tensed 
volunteer conditions. Common controller gains 

were used for all contact parts, and the P, I, and D 
gains were set to 0.002 N-1, 0.1 N-1 s-1, and 0 s/N, 
respectively. 

Comparison of Head CG Excursions 
Figure 5 shows head CG excursions in the forward 
and downward directions during decelerations. 
Simulation results were compared with test data 
obtained from Beeman et al. [3]. In each 
deceleration of 5.0 G and 2.5 G, cadaver test data, 
volunteer test data in relaxed conditions, and those 
with braced conditions were compared with 
simulation results with no control, posture control, 
and total control of posture and force, respectively. 
In addition, simulation results in the braced 
condition reproduced by using constant muscle 
activation levels based on EMG data as used in the 
previous study [9] were also compared for the 
volunteer test data in braced conditions. The EMG 
data are indicated as “EMG-based muscle 
activation” hereafter, and are shown by dotted 
lines. 

Figure 5 shows that the head excursions of 
cadavers tended to be larger than those of 
volunteers, and the simulation results had similar 
tendencies in both decelerations. In addition, 
simulation results were generally within the range 
of dispersion of cadaver tests. The excursions of 
relaxed volunteers tended to be smaller in 
downward displacements than those of cadavers 
and braced volunteers. The excursions of braced 
volunteers tended to have linear downward 
displacements in the initial period (Figures 5(e) 
and 5(f)). The downward displacements of 
simulation results with total control of posture and 
force were almost the same as for the test data 
while those with EMG-based muscle activation 
could not constrain head excursions sufficiently. 
As shown in Figure 5, simulation results using the 
developed muscle controller showed general 
agreement with test data regarding head CG 
excursions. 

 

Rigid seat Three-point seatbelt

Pedal

Steering wheel

Deceleration
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Figure 5. Comparisons of head CG excursions in 
impact conditions of 5.0 G and 2.5 G 
decelerations. 
 
Comparison of the Reaction Forces 
Figure 6 shows the resultant reaction forces from 
the steering wheel or right pedal in the braced 
condition. Figure 6 also shows the simulation 
results for a braced condition with EMG-based 
muscle activation. Simulation results with total 
control of posture and force were compared with 
the average values of test results measured by 
Beeman et al. [3]. The time 0 s is defined as the 
time when the input of deceleration was started. In 
the simulations, the braced conditions were 
reproduced 0.2 seconds before the input. 

Figures 6(a) and 6(b) show the steering wheel 
forces. Since the force was measured at the 
steering column in the experiment, we compared 
the predicted resultant force, which summed the 
forces of the left and right hands, with those from 
volunteer test data. The tendency of changes in the 
time histories of the predicted forces was similar 

to those of the test data, but the magnitude of the 
predicted force was smaller than that of the test 
data in each deceleration. However, the simulation 
results with muscle activations predicted by the 
developed controller showed larger forces than 
those with EMG-based muscle activation. 

Figures 6(c) and 6(d) show the right pedal forces. 
The forces in the simulation results at the time of 0 
s were approximately equal to those of the test 
data in both decelerations. The forces of the left 
pedal were approximately equal to those of the 
right pedal. 

In addition, the CORrelation and Analysis 
(CORA) method proposed by Gehre et al. [15,16] 
was used for a quantitative evaluation of 
simulation results. CORA release 3.6 was used, 
and the parameter setting was similar to the 
previonus study [9]. This method was available 
only for time history data, and evaluates the 
overall degree of coincidence objectively between 
the simulation results and experimental data. The 
sliding scale of CORA is defined in technical 
report ISO/TR 9790, and evaluated with five 
phases of “Excellent”, “Good”, “Fair”, 
“Marginal”, and “Unacceptable”. Table 1 shows 
the CORA evaluations for simulation results with 
muscle control. The CORA evaluations for the 
steering column force and the right pedal force 
were “Fair” and “Good”, respectively. 

 

 
Figure 6. Comparisons of reaction forces in the 
braced condition. 
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Table 1. 
The CORA evaluations for reaction forces in 

the braced condition with muscle control. 

 
 

DISCUSSION 

Determining Control Parameters 
Östh et al. [5] determined the gains of their PID 
controller for prediction of muscle activation using 
a radial basis function meta-model sampled by 
performing 144 simulations. Furthermore, the 
initial value for their optimization was based on 
iterative calculation used in their previous study. 
On the other hand, Rooij [17] used different 
control parameters for each simulation condition. 
The parameters were originally found by 
optimization [18]; however, the parameters were 
changed using estimates for each test condition. 
Thus, a large number of calculations and 
significant experience are required to determine 
control parameters. 

Since the whole-body FE model that we used is 
not suitable for optimization calculations used to 
determine the control parameters owing to a 
problem of computational costs, in this study, we 
reduced the number of gain parameters for 
simplification, and determined their values by trial 
and error. 

The determination of PID gains is one of the 
primary problems for researchers using PID 
controllers for muscle control. Further study of 
optimization methods is needed in order to 
determine valid gain parameters for predicting 
occupant behavior in various dynamic 
environments. 

Effects of the Muscle Controller 
In this study, we attempted to reproduce the cases 
of volunteers for two muscle conditions of relaxed 
and braced states during low-speed frontal impacts 
using THUMS version 5 and a newly developed 
muscle controller. 

Comparisons between simulation results for 
cadaver test data and for relaxed volunteer test 
data as shown in Figure 5 indicate that the posture 
controller has the potential to reduce downward 
displacement of the head. Since the posture 

controller decreased the flexions of the neck and 
trunk, the head excursions decreased and showed a 
similar tendency for the relaxed volunteer test 
data. From comparisons between simulation 
results for the relaxed-volunteer test data and those 
for the braced-volunteer test data, the total 
controller for posture and force has the potential to 
decrease forward displacement but to increase 
downward displacement. This indicates that the 
force controller had a significant effect on head 
excursions in the anteroposterior direction. 

Expression of the Braced Condition 
To simulate the braced condition, Meijer et al. [4] 
set higher co-contraction levels of antagonist 
muscles than in the relaxed condition. They 
simultaneously contracted both agonist and 
antagonist muscles, thus co-contracting muscles 
around joints without producing any net moment. 
However, even in maintaining occupant postures, 
real humans in the braced condition can increase 
muscular forces and generate forces at the steering 
wheel and the pedals. Figure 6 shows that the 
newly developed total control of posture and force 
generated forces at the steering wheel and pedals, 
although the force at the steering wheel was 
smaller than that from test data. The reason for the 
difference in steering forces between the 
simulation results with total control of posture and 
force and the volunteer test data is probably the 
modeling of the wrist or muscle activation in the 
trunk or shoulder. Further studies are needed for 
sufficient constraints on rotations of the wrist and 
forearm and for determination of reasonable 
percentage contributions of muscles in the 
shoulder or trunk. 

In this study, the newly developed muscle 
controller calculated muscle activations by 
summation of muscle activations predicted by the 
posture control and those predicted by the force 
control, as shown in Equation (5). The posture 
control generated muscle forces to keep joint 
angles from changing while the force control 
generated muscle forces to push the hands or feet 
against the steering wheel or pedals, respectively. 
Although the force control tended to work against 
the posture control, total control of posture and 
force has the potential to increase forces and to 
reproduce forces similar to those obtained from the 
test data without changing the posture. 

 
CONCLUSIONS 
 
In this study, a muscle activation controller 
including two feedback controls of posture and 

Force Deceler-
ation

Corridor
method
rating

Correlation Method Correl-
ation

method
rating

Total
rating

Evalu-
ation

Cross
correl-
ation

Size Phase
shift

Steeing
column

5G 0.293 0.888 0.388 1.000 0.791 0.542 Fair
2G 0.196 0.948 0.332 1.000 0.807 0.502 Fair

Right
pedal

5G 0.544 0.744 0.876 1.000 0.841 0.693 Good
2G 0.733 0.957 0.746 1.000 0.915 0.824 Good
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force using PID control was newly developed to 
predict occupant kinematics in braced conditions 
during low-speed impacts. The controller was used 
to predict muscle activation with THUMS version 
5 including whole-body muscle models, and was 
validated against the observed kinematics of 
cadavers or volunteers during low-speed frontal 
impacts with 5.0 G and 2.5 G decelerations. The 
simulation results for head excursions without 
muscle activation, with posture control, and with 
total control of posture and force generally agreed 
with those from cadaver test data, relaxed 
volunteer test data, and braced volunteer test data, 
respectively. In addition, the forces predicted at 
the pedals showed good agreement with those 
from the test data in the braced condition, although 
the forces predicted at the steering wheel were 
smaller than those in the test data. Although 
further studies of optimization methods are needed 
in order to determine valid PID gain parameters 
for various dynamic environments, the developed 
controller showed the potential for more accurate 
prediction of both relaxed- and braced-occupant 
kinematics closer to those of real occupants than 
when using the previous controller. 
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APPENDICES 
 
Estimation Method for Reaction Forces 
The current version of LS-DYNA R8.0.0 cannot 
perform feedback control for reaction forces even 
though it can perform feedback control for 
displacements. Therefore, we inserted four small 
elastic boxes between the feet and the pedals and 
between the hands and the steering wheel to 
estimate the reaction forces from the box 
deformations, and performed feedback for the 
estimated forces. The boxes, which were shaped as 
rectangular parallelepipeds, were modeled using a 
linear isotropic elastic material. The rotations of 
the contact surfaces between the boxes and the 
human body were constrained at the surfaces of 
the steering and pedals. Generally, the axial force 
F  (N) was calculated based on the axial 

deformation l∆  (mm) in the direction 
perpendicular to the contact surface as follows: 

 

l
l

AEF ∆⋅
⋅

=     (Equation A1) 

 
where E  (N/mm2) is the Young's modulus of the 
box, A  (mm2) is the cross-sectional area of the 
contact surface, and l  (mm) is the original length 
in the direction perpendicular to the contact 
surface. Additionally, by setting Poisson's ratio to 
0, the shear force Q  (N) was calculated based on 
the shear deformation x∆  (mm) as follows: 

 

x
l
AEQ ∆⋅
⋅

=
2

.    (Equation A2) 

 
This is because of the isotropic elastic material 
property of the box. The reaction force of each 
part was estimated as a resultant force. To validate 
this estimation method, we performed a simulation 
in which the right pedal was pushed with the linear 
isotropic elastic box. Figure A1 shows the 
comparison of simulation results between reaction 
forces estimated from deformation and post-
processed contact force between the right foot and 
the right pedal. The simulation results indicate that 
the calculation method has acceptable accuracy. 

 

 

Figure A1. Comparison of estimated force and 
predicted contact force for a pedal force. 
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Table A1. 
Percentage contributions of some muscles on 
right lower extremity (add: adduction, abd: 

abduction, e: extension, f: flexion, ir: internal 
rotation, er: external rotation). 

 
 

 

Percentage contribution
Hip
joint

Knee
joint Right

pedal
force+: add +: e +: ir +: f

Muscle name -: abd -: f -: er -: e
Psoas Major 0.00 -1.00 0.00 0.00 0.00 
Iliacus 0.00 -1.00 0.00 0.00 0.00 
Sartorius -0.10 -0.30 -0.30 0.30 0.00 
Rectus Femoris 0.00 -0.50 0.00 -0.50 0.00 
Tensor Fasciae Latae -0.35 -0.35 0.30 0.00 0.00 
Piriformis -0.25 0.25 -0.50 0.00 0.00 
Superior Gemellus 0.00 0.20 -0.80 0.00 0.00 
Inferior Gemellus 0.00 0.20 -0.80 0.00 0.00 
Obturator Externus 0.50 0.00 -0.50 0.00 0.00 
Obturator Internus 0.00 0.20 -0.80 0.00 0.00 
Quadratus Femoris 0.50 0.00 -0.50 0.00 0.00 
Gluteus Minimus -0.80 0.00 0.20 0.00 0.00 
Gluteus Medius -0.80 0.00 0.20 0.00 0.00 
Gluteus Maximus 0.00 0.70 -0.30 0.00 0.30 
Semitendinosus 0.00 0.40 0.20 0.40 0.00 
Semimembranosus 0.00 0.40 0.20 0.40 0.00 
Biceps Femoris Long Head 0.00 0.50 0.00 0.50 0.10 
Biceps Femoris Short Head 0.00 0.00 0.00 1.00 0.00 
Adductor Brevis 0.80 -0.20 0.00 0.00 0.00 
Adductor Longus 0.80 -0.20 0.00 0.00 0.00 
Adductor Magnus 0.90 0.10 0.00 0.00 0.00 
Pectineus 0.90 -0.10 0.00 0.00 0.00 
Gracilis 0.30 -0.30 0.20 0.20 0.00 
Vastus Lateralis 0.00 0.00 0.00 -1.00 0.30 
Vastus Intermedius 0.00 0.00 0.00 -1.00 0.30 
Vastus Medialis 0.00 0.00 0.00 -1.00 0.30 
Popliteus 0.00 0.00 0.00 1.00 0.00 
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ABSTRACT 
 
In the development of driver airbags (DABs), the out-of-position (OOP) test is important in reducing the risk of 
injury to occupants close to airbag modules. Airbag deployment simulations are valuable in predicting occupant 
protection in the development and design stages. One of the key elements of airbag deployment behavior is the be-
havior of gas jets from the inflator. Here, we conducted visualization experiments using the Schlieren method to 
understand the gas flow behavior of disk-type inflators. Gas flow from an inflator with a retainer showed strong 
directivity. Gas flow simulations were conducted with a general-purpose finite element program, LS-DYNA. Using 
the corpuscular particle method (CPM), in which jet direction and cone angle of gas diffusion were essential ele-
ments, gave good reproducibility. We compared simulations with experiments of DAB deployment behavior and 
analyzed the effect of gas flow on deployment behavior. By implementing actual gas flow in the CPM, we improved 
the accuracy of airbag simulation using DAB OOP positions 1 and 2 as demonstrators. The reproduction of gas flow 
was a major factor in the reproduction of DAB deployment behavior. 
 
 
INTRODUCTION 
 
The simulation of airbag deployment is an important 
and efficient approach to evaluating the occupant 
protection performance of driver airbags (DABs). 
The first approach developed, in 1988, was the uni-
form pressure method, which calculates pressure 
from the mixed-jet gas properties of the inflator and 
applies an equation of state inside the airbag. This 
method can evaluate the energy absorption by an 
airbag and was used for the analysis of occupant pro-
tection in combination with kinematic analysis.[1] 
However, since the uniform pressure method does 
not consider gas flow, it cannot accurately determine 
some aspects of airbag behavior and energy absorp-
tion in deployment. To overcome these deficiencies, 
the Arbitrary Lagrangian–Eulerian (ALE) fluid and 
structure coupling method was introduced in 2002.[2] 
But in the analysis of airbag deployment, the ALE 
method requires enormous computational resources 
and cost to represent the deployment of the folded 
airbag.[3] 
So a new method—the corpuscular particle method 
(CPM)—was implemented in 2007 in LS-DYNA, a 
general-purpose finite element analysis program, to 
replace gas flow with particle movement. CPM does 
not treat gas as a continuum but instead calculates 
gas molecular dynamics, replacing the overall trans-

lational kinetic energy with the equivalent number of 
particles rather than modeling gas molecules.[4, 5] 
In CPM, it is not necessary to discretize the entire 
space as in the ALE method, so deployment can be 
simulated with mid-range computers. CPM was able 
to predict deployment behavior and impact force for 
gas flow in a narrow tube, such as in a curtain air-
bag.[6] It is now used in product development. 
However, in our tests comparing actual DAB out-of-
position (OOP) tests with simulations shows differ-
ences in injuries to dummies. We suspected that a 
major factor in these differences was the DAB de-
ployment force caused by deployment behavior, 
which we ascribed to gas flow behavior in the airbag. 
So to understand gas flow, we visualized gas flow 
from the inflator using the Schlieren method.[7, 8, 9] 
Although a previous study observed gas flow inside 
the inflator,[10] to our knowledge, no attempts have 
been made at observing the gas flow outside the in-
flator.  
Here, we conducted gas flow visualization experi-
ments and reproduced gas flow by CPM. We used 
the results to simulate DAB deployment and OOP, 
and show that the deployment behavior was im-
proved and reproduced well. 
 



 

AOKI 2 

 
METHODS 
 
Visualization by Schlieren Method 
To understand the gas jet flow from the inflator, we 
conducted visualization experiments using the 
Schlieren method in open air.[11] Inflator gas com-
prises carbon dioxide, nitrogen and water vapor, 
which are clear and colorless, so gas flow cannot be 
seen directly. Therefore, we used a method that cap-
tures density change as refractive index change. 
In the experimental apparatus (Fig. 1), light from a 
point source is made parallel by a parabolic mirror. 
The inflator gas is ejected into the light beam, which 
is condensed again by another parabolic mirror. Light 
defocused by differences in refractive index is re-
moved by an iris at the focal point, and images of the 
difference in light contrast are recorded on a high-
speed camera. Although the Schlieren method gener-
ally uses a knife edge to remove the defocused light, 
we used an iris, as the gas diffuses radially. Our ap-
paratus used the world’s largest class of parabolic 
mirrors, with a diameter of 1 m and a focal length of 
8 m. 
We recorded the gas flow from DAB inflators with 
and without a retainer to redirect gas flow for quick 
deployment and to avoid heat damage to the airbag 
fabric, and compared the results. 
 

 
Figure 1. Gas flow visualization apparatus for 
Schlieren method at Tohoku University. 
 

 
Simulation of Inflator Gas Flow 
We simulated gas flow with and without a retainer 
using CPM in LS-DYNA to reproduce the observed 
flow. We optimized seven CPM parameters to best 
reproduce the gas flow (Table 1). 
 

Table 1. 
 Parameters for gas flow simulation 

Parameter Without retainer With retainer 

Initial direction of gas 
inflow Radial Axial 

Cone angle from orifices 16° 16° 

Friction factor  0 0 

Dynamic scaling of par-
ticle Inactive Inactive 

Initial gas inside bag CPM CPM 

Number of orifices 16 16 

Number of gas compo-
nents 

Mixed Mixed 

Observation of Airbag Deployment 
We observed the static deployment behavior of 
DABs (Fig. 2) in experiments using an unfolded, 
untethered airbag with a flow control cloth to redirect 
the gas flow from the inflator (Fig. 3). 
 

 
 
Figure 2. Experimental apparatus and setting of 
airbag deployment. 
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Figure 3. Flow control cloth (blue line) in DAB and 
its aperture planes. 

Simulation of Airbag Deployment 
The airbag deployment shown in Figure 2 was simu-
lated by CPM with and without flow direction set at 
the aperture plane of the flow control cloth and the 
optimized conditions in Table 1. The reproduction of 
gas flow was compared with actual airbag deploy-
ment. 
With the retainer, the jet direction was set in the axial 
direction along the wall of the retainer, and cone an-
gle was set at an appropriate value (16°). 
 
OOP Test of Driver Airbag 
We conducted an OOP test based on Federal Motor 
Vehicle Safety Standard No. 208 with a 5th female 
dummy, with three replicates (Fig. 4). 
 

 
Figure 4. Dummy position (left: position 1, chin on 
module; right: position 2, chin on rim). 
 
OOP Simulation of Driver Airbag 
We conducted OOP simulations for the same dummy 
positions as in the OOP test. To verify the improve-
ment of gas flow by setting the gas flow direction at 
the aperture plane of the flow control cloth, we com-
pared injury values between default settings (no flow 
direction) and improved settings (flow direction set). 
The positions of the dummy were reproduced from 
the joint coordinates measured in 3D in the OOP test. 

RESULTS 
 
Visualization Experiments and Flow Simulations 
The gas flow from the inflator was clearly visualized 
as dark regions by the Schlieren method (Fig. 5). 
Differences in flow between tests with and without a 
retainer were clear. Without a retainer, the gas tended 
to be released radially and vertically from the inflator 
orifices. With a retainer, the gas flowed along the 
wall of the retainer, and did not diffuse immediately 
after release. 
 

Without retainer     With retainer 

 

Figure 5. Visualization of gas flow by Schlieren 
method without and with retainer. 
 
Figure 6 shows simulation results of gas flow with 
and without a retainer. The retainer redirected the gas 
flow from the inflator along the retainer wall, and the 
gas flow direction became axial. 

9.0 ms 

Side View 

9.0 ms 

Side View 

9.0 ms 

Side View 

Aperture plane 
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Without retainer 

 
 

With retainer 

 
 
Figure 6. Gas particle distribution of simulation 
results without and with retainer. Dots are modeled 
gas particles. 
 
Deployment Experiments and Simulation of Driv-
er Airbag 
The results of the deployment experiment and the 
simulations with and without the flow control cloth 
setting (gas flow direction set normal to aperture 
plane of flow control cloth) were compared. The 
simulation result with flow direction setting is closer 
to the experimental deployment shape (Fig. 7). 
 

 
(Deployment shape in experiment)

  
(Left: without flow direction setting; 

right: with flow direction setting) 
Figure 7. Comparison of deployment shape between 
experiment and simulation. 

OOP Test and Simulation of Driver Airbag 
Figure 8 shows injury assessment reference values 
(IARV) of OOP tests and simulations of dummies in 
the two positions shown in Fig. 4. The results of 
chest deflection and neck compression are similar to 
the test results. The original CPM gave differences in 
neck tension and neck injury (Nij) in both positions 
between test and simulation. The improved CPM 
reduced these differences. 

Position 1 

 
Position 2 

 
Figure 8. Normalized injury assessment reference 
values (IARV) of OOP tests and simulations (based 
on Table 2 criteria). 
 

Table 2.  
Injury assessment reference values for 5th female 

dummy 

Injury Criteria
Injury Assessment
Reference Values

Head 15 ms HIC 700

3 ms Clip Acceleration (G) 60

Chest Deflection (mm) 52

Neck Tension (N) 2070

Neck Compression (N) 2520

Nij 1.0

Tension (N) 3880

Compression (N) 3880

Flexion (Nm) 155

Extension (Nm) 61

Chest

Neck
Critical Values to Calculate Nij

 

 

 

 
 

9.0 ms 

9.0 ms 
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DISCUSSION 
 
As random movement of particles in open air is dom-
inant, CPM was unable to accurately reproduce gas 
flow in the original setting. This random movement 
is explained by kinetic molecular theory, which is 
based on thermodynamic equilibrium, Newton’s laws 
of motion, and perfectly elastic collision of mole-
cule–molecule and molecule–structure interactions. 
Therefore, to improve the reproducibility of gas flow 
behavior, it will be necessary to take these factors 
into account. 
The actual gas flow from the orifices on the inflator 
is vertical. When a retainer is fitted, if the outlet faces 
the open side of the retainer, the gas is released per-
pendicular to that open side. So to reproduce the gas 
flow from the inflator in CPM, it will be necessary to 
combine the gas flow direction and a cone angle that 
suppresses random diffusion. To reproduce the gas 
flow from the inner vent of the flow control cloth, the 
gas flow direction should be set normal to the direc-
tion of the aperture plane. 
The New CPM setting of gas flow direction led to 
improved deployment shape and force on the dummy, 
improving the OOP simulation results. To improve 
the reproducibility of the OOP simulation, the direc-
tion of gas flow from the inflator and the control 
cloth aperture plane is key. 
 
 
CONCLUSIONS 
 
・Attaching the retainer to the inflator redirects the 
gas exiting the inflator along the retainer wall in what 
becomes the axial direction. 
・To reproduce the flow of the attached retainer by 
CPM, the gas flow direction should be set in an axial 
direction along with retainer wall. 
・To reproduce the directional flow from the aper-
ture plane of the control cloth by CPM, the gas flow 
direction through the aperture plane should be set 
normal to the direction of the plane. 
・Applying the setting of the flow direction at the 
aperture plane of the flow control cloth so as to im-
prove the reproducibility of DAB deployment shape 
to the OOP simulation improves the reproducibility 
of injury values. 
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ABSTRACT 
 

Considering the significant sensitivity of impact velocity to pedestrian casualty rate, it is important to 
accurately estimate the effect of autonomous emergency braking systems for pedestrians (AEBP) on the 
casualty rate to further reduce pedestrian victims. This study developed a methodology to estimate the 
reduction of pedestrian casualties resulting from AEBP activation by applying the exact logic of a particular 
AEBP system to Japanese accident statistics. Focus was given to the sensitivity of applying the exact logic of a 
particular AEBP system and the parameters considered in the fatality/serious injury rate prediction to the 
estimated effect of the AEBP system. 

Due to the difference in accident parameters relevant to the function of the AEBP system and the impact 
configurations and outcomes, two sets of accident data, which include different accident parameters with some 
overlap, were used to estimate the distribution of impact speed and the reduction in the fatality/serious injury 
rates. One dataset was used to estimate the impact speed distribution by applying the exact logic of a particular 
AEBP system, and the other dataset was used to determine the fatality/serious injury rates. The reduction of 
the number of victims was estimated by lumping the estimated impact speed distribution and the estimated 
fatality/serious injury rates into the accident scenarios defined by the common parameters. The sensitivity to 
the reduction in the number of victims was investigated for the application of the exact logic, and the 
parameters considered in the estimation of the fatality/serious injury functions.  

The estimated reduction in the number of victims was 20% for the AEBP system investigated in this study. 
Relative to the use of a simple logic of the system, the application of the exact logic of the system resulted in 
the difference in the estimated reduction of fatalities and serious injuries by 5% and 12%, respectively. The 
most severely injured body region, the pedestrian age, and the vehicle category are the most sensitive to the 
estimated effect among the accident parameters used in the dataset relevant to impact configurations and 
outcomes except for the vehicle travel speed. 
 

INTRODUCTION 

According to Japan accident statistics (Institute of 
Traffic Accident Research and Data Analysis [1]) in 
2014, pedestrians accounted for 36.4% of all traffic 
fatalities and 21.9% of all serious injuries. This 
suggests that reduction of pedestrian victims in traffic 
accident is one of the most important issues to further 
reduce the number of the traffic accident victims. 

In order to reduce pedestrian victims in traffic 
accidents, crash safety performance for pedestrian 
has been evaluated by New Car Assessment 
Programs (NCAPs) and regulations. On the other 
hand, Autonomous Emergency Braking systems for 
Pedestrian (AEBPs) have been developed and 
adopted to some production vehicles in order to 
mitigate or even avoid pedestrian accidents. 
Considering the significant sensitivity of impact 
velocity to pedestrian casualty rate, it is important to 
accurately estimate the effect of AEBP on the 

casualty rate to further reduce the number of 
pedestrian casualties in traffic accident. 

Since the AEBP system alters the impact speed 
distribution of pedestrian accidents, the following 
steps are needed to estimate the effect of AEBP on 
the reduction of the number of pedestrian victims in 
traffic accident. First, the change of the distribution 
of impact speed with AEBP activation is estimated 
for each of the accident scenarios. Then, the 
fatality/serious injury rate is estimated for the same 
accident scenarios. Finally, the reduction of the 
number of pedestrian victims is estimated by 
combining them. The entire range of pedestrian 
accidents needs to be taken into consideration for 
accirate estimation. Ferenczi et al. [2] and Paez et al. 
[3] estimated the effect of the AEBP system from the 
actual logic of the system. However, their studies 
focused only on some specific accident scenarios 
which do not represent the entire pedestrian accident. 
Rosen [4] estimated the effect of the AEBP on the 
reduction of the number of the pedestrian victims by 
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using the German In-Depth Accident Study (GIDAS) 
database. Fredriksson et al. [5] investigated the effect 
of the AEBP system on the reduction of the head 
injury probability in accidents from the GIDAS 
database where pedestrians sustained head injuries. 
Although these studies considered the entire 
pedestrian accidents, they estimated the effect of 
AEBP systems by applying one single fatality/serious 
injury rate as a function of impact speed to the entire 
range of accident scenarios. Lubbe et al. [6] 
estimated the reduction of the casualty cost by the 
AEBP also by capturing the entire pedestrian 
accidents. However, they predicted the distribution of 
impact speed using only one single time to collision 
(TTC) to the vehicle without taking into 
consideration the relevant accident parameters such 
as the vehicle travel speed and the walking direction 
and speed of a pedestrian. Although Chauvel et al. [7] 
determined the fatality/serious injury rate functions 
for different impact speed and pedestrian ages, they 
did not consider other relevant parameters, such as 
the injured body regions, vehicle category and 
direction of vehicle travel, which could affect the 
fatality/serious injury rate. None of the past studies 
considered all of the aforementioned steps needed to 
be considered for accurate estimation. 

The objective of this study is to develop a 
methodology to estimate the reduction of pedestrian 
victims with AEBP activation by applying the exact 
logic of a particular AEBP system and fatality/serious 
injury rates as a function of relevant accident 
parameters to the entire range of Japanese pedestrian 
accident statistics. As it is impossible to validate the 
estimated effect of a particular AEBP system due to 
the lack of the accident data, this study investigates 
the sensitivity of the application of the exact logic of 
the system as well as the use of relevant parameters 
considered in the fatality/serious injury rates to the 
estimatoin of the effect of the system. 
 

METHODS 

The reduction of the number of pedestrian 
fatalities and serious injuries were estimated by 
using two sets of the accident data with the 
following steps: 

1. Estimate the impact speed distribution by 
AEBP for each of the accident scenarios 
defined by the accident parameters relevant 
to the function of the AEBP system 

2. Determine the fatality/serious injury rates as 
functions of the impact speed for each of the 
accident scenarios determined by the 
accident parameters relevant to the crash 
conditions and injury outcomes. 

3. Lump the estimated impact speed 
distributions and the fatality/serious injury 
rate functions into the accident scenarios 
defined by the common parameters to 
estimate the reduction of the number of 
pedestrian fatalities and serious injuries by 
combining them. 

 
Accident Dataset 

This study used accident data collected by the 
Japan Institute for Traffic Accident Research and 
Data Analysis (ITARDA) from year 2009 to 2011. 
The ITARDA data includes all of the pedestrian 
accidents resulting in fatalities and injuries that 
occurred nationwide. Two accident datasets were 
extracted from the same pedestrian accident data. 
One dataset (hereafter called Dataset A) was used 
for the estimation of the change of impact speed 
distribution, while the other dataset (hereafter 
called Dataset B) was used for the determination of 
the fatality/serious injury rates. The following 
inclusion criteria were used for Dataset A:  

 
1. Accidents that do not involve a backing vehicle  
2. First collision to a pedestrian  
3. Walking or running pedestrian  
4. Passenger vehicle or mini vehicle (so called Kei-

car).  
5. Pedestrian collision to the front of the vehicle  
6. Vehicle travel direction is either straight forward 

or turn left/right 
 

The fatality/serious injury rates were assumed to 
vary by the vehicle type, injury source, and most 
severely injured body regions, while they were 
assumed not to affect the estimation of impact speed 
distribution by AEBP. Dataset B was extracted by 
adding the following inclusion criteria: 
 

1. A passenger vehicle categorized in 8 vehicle 
types (small sedan, mid-sized sedan, large 
sedan, mini-van, SUV, sports car, Kei-car and 
mini freight vehicle)  

2. A pedestrian not injured by the vehicle tires  
3. A pedestrian whose most severely injured body 

region is known 
 

Although the total number of the accidents in 
Dataset B was different from that in Dataset A, the 
influence of this difference was assumed to be 
negligible based on the assumption that these 
additional inclusion criteria would not affect the 
estimation of impact speed distribution. Dataset A 
consisted of the accidents defined by the parameters 
relevant to the function of the AEBP system, 
including the accident time, weather, impact location, 
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vehicle travel speed, vehicle travel direction and 
pedestrian walking direction. Dataset B consisted of 
the accidents defined by the parameters relevant to 
the crash configuration and outcome, including the 
impact location, vehicle travel speed, vehicle travel 
direction, pedestrian walking direction, most severely 
injured body region, vehicle category, pedestrian age, 
gender, injury source. Both datasets shared the 
common accident parameters (impact location, 
vehicle travel speed, vehicle travel direction and 
pedestrian walking direction) so that the reduction of 
the number of the pedestrian victims can be estimated 
from the estimation of the impact speed distribution 
with the AEBP system. The accident parameters and 
their levels used in both accident datasets are 
summarized in Tables 1 to 3. Figure 1 shows the 
definition of the pedestrian walking direction and 
vehicle travel direction. “Forward” in the pedestrian 
walking direction is set as the opposite direction to 
the traveling direction of the load, while “Forward” 
in the vehicle travel direction is set as the same 
direction as the rtaveling direction of the load. Due to 
the lack of the detailed information for the vehicle 
travel direction in the accident data, “Turn Left” and 
“Turn Right” in the vehicle travel direction is 
assumed to be 45 degree from “Forward”. 
 

Table 1. 
Specific parameters for Dataset A 

Parameters Levels 

Accident Time Dawn, Dusk, Night, 
Day 

Weather Rain, Cloud, Shine 
 

Table 2. 
Common Parameters for both Dataset A and 

Dataset B 

Parameters Levels 

Impact Location Center, Right, Left 
Vehicle Travel 
Direction* 

Forward, Turn Left, 
Turn Right 

Pedestrian Walking 
Direction* 

Left, Right, Forward, 
Rearward,  
Left Rearward,  
Left Forward,  
Right Forward,  
Right Rearward 

Vehicle Travel 
Velocity (km/h) 

0-10, 0-20, 20-30,  
30-40, 40-50, 50-60, 
60-70 

* Vehicle travel direction and pedestrian walking 
direction were identified in Figure 1 
 

Table 3. 
Specific Parameters for Dataset B 

Parameters Levels 

Pedestrian Age 
 (years old) 

0-6, 7-11, 12-15,  
16-44, 45-64, 65-74, 
75-84, 85- 

Gender Female, Male 
Vehicle Category Small Sedan,  

Middle Sedan,  
Large Sedan,  
Kei-car,  
Minivan,  
SUV,  
Sports,  
Mini Freight Vehicle 

Injury Source Vehicle, Other 
Most Severely 
Injured Body Region 

Whole Body,  
Head, Face, Neck, 
Chest, Abdomen, 
Back, Lumbar, Arm, 
Leg 
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Figure 1.  Definition of the pedestrian walking 
direction and vehicle travel direction. Note: 
“Turn Left” and “Turn Right” in vehicle travel 
direction is assumed to be 45 degree from 
“Forward”. 
 
 
 
 
 

Estimation of the Change of the Impact Speed 
Distribution by AEBP 

In some accidents, the AEBP system cannot detect a 
pedestrian due to the low visibility in the night and 
heavy rain. For this reason, the impact speed 
distribution for each accident scenario in Dataset A 
was calculated from the weighted average of the 
impact speed distributions for the detectable and non-
detectable conditions by using the pedestrian 
detection rates as the weighting factor. 

The impact speed distribution from the accident data 
was used for the accident scenarios in non-detectable 
conditions. On the other hand, the impact speed 
distribution in detectable conditions was estimated by 
applying the location of the pedestrian in the 
direction of vehicle travel when the pedestrian is at 5 
m laterally to the vehicle (hereafter called appearance 
of the pedestrian), walking direction, speed relative to 
the vehicle and vehicle speed to the AEBP system 
logic. 

The detection rates for night and rain were assumed 
from the other data source [8] due to the lack of the 
accident data. For accident time, the detection rate at 
night was assumed to be 0.3 by considering the light 
distribution of the headlight. The detection rate at 
dawn and dusk was assumed to be the average of the 
detection rate at daytime and night. For weather, the 
detection rate during rain was assumed to be 0.9 by 
considering the frequency of the rainy day whose 
amount of rainfall in a day exceeded thirty 
millimeters, which was assumed to provide low 
visibility, obtained from in the Tokyo weather 
statistics collected by the Japan Meteorological 
Agency [8]. The pedestrian detection rate for each 
accident scenario was estimated by multiplying the 
detection rates for the time and the weather. 
 
Appearance of the pedestrian     Although the 
appearance of the pedestrian and the walking speed 
of the pedestrian relative to the vehicle are needed 
to estimate the impact speed distribution by using 
the exact logic of an AEBP system, these were not 
included in the accident data. Since this study 
assumed that there was no braking by the driver 
and no effect of the warning by the system due to 
the lack of the accident data, the appearance of 
pedestrian was defined by Equation 1. 
 

      (Equation 1) 

 
where v  is vehicle travel speed, v  is the 
component of the walking speed in the direction of 
vehicle travel, v  is the component of the walking 
speed perpendicular to the direction of vehicle 
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travel, L  is the lateral position of the appearance 
of pedestrian in the side walk relative to the 
vehicle and L  is the lateral impact location of the 
pedestrian to the vehicle. In this study, L  was set 
at 5 m by considering the width of the traffic lane 
and side walk in Japan. The pedestrian walking 
speed was assumed to be normally distributed 
whose average and standard deviation was 
determined from Sekine et al. [9] (average and 
standard deviation were 1.5m/s and 0.15m/s, 
respectively). Since the accident data only 
classifies the impact location into left, center and 
right, each of the impact location was divided into 
five detailed area. The lateral impact location (L ) 
was defined by the center of each detailed areas. In 
addition, the occurrence probability of each 
detailed area in the simplified impact location was 
assumed to be same. The pedestrian walking 
direction relative to the vehicle was defined from 
the vehicle travel direction and pedestrian walking 
direction.  
 
Impact speed distribution with AEBP activation      
The impact speed for each combination of the 
pedestrian walking speed and the detailed impact 
location was estimated by applying these 
conditions to the exact logic of a particular AEBP 
system. The impact speed distribution in the 
detectable condition for each scenario was 
calculated from the weighted average of the impact 
speed estimated for each combination of the 
pedestrian walking speed and the detailed impact 
location by using the occurrence probability as the 
weighting factor. 
 
Determination of the Fatality/Serious Injury 
Rate 

The fatality/serious injury rate was determined 
from Dataset B as function of the vehicle travel 
speed for each of the accident scenarios define by 
the parameters relevant to impact configurations 
and outcomes except for the vehicle travel speed. 
The fatality rate was defined as the ratio of the 
number of fatalities to the summation of the 
number of fatalities, serious injuries and minor 
injuries, while the serious injury rate was defined 
by the ratio of the number of serious injuries to the 
summation of the number of fatalities, serious 
injuries and minor injuries. 
 
Estimation of the Reduction of the Number of 
the Pedestrian Victims 

The number of the pedestrian fatalities and 
serious injuries was estimated by using the impact 
speed distribution with AEBP activation and the 

fatality/serious injury rates as a function of the 
accident parameters. 

Since the total number of the accidents and 
accident parameters differ between Dataset A and 
Dataset B, the impact speed distribution for each 
accident scenario in Dataset A was averaged for 
each of the accident scenarios defined by the 
common accident parameters by using the 
frequency of each accident scenario defined in 
Dataset A as weighting factor. The same procedure 
was also applied to the fatality/serious injury rates 
estimated for each of the accident scenarios 
defined in Dataset B.  

The reduction of the number of pedestrian 
fatalities/serious injuries were estimated by 
multiplying the estimated distribution of the 
impact speed by the fatality/serious injury rates as 
functions of the impact speed for each of the 
accident scenarios defined by the common accident 
parameters. 
 
Sensitivity Analysis to the Estimation 
Sensitivity of applying the exact logic of AEBP 
system      In order to clarify the sensitivity of 
applying the exact logic of AEBP system, the 
estimated reduction of the number of pedestrian 
fatalities and serious injuries were compared 
between the use of a simple logic of AEBP system 
and the exact logic of a particular AEBP system. 
The activation of a particular AEBP system used in 
this study is determined from the estimation of a 
possibility of an impact when the driver tries to 
avoid the impacts with the pedestrian by varying 
the TTC for the activation for each of the accident 
scenario. A simple logic was defined by using one 
single TTC determined by the average TTC of the 
brake activation by the logic of the system used in 
this study to determine the timing of the brake 
activation, as has been done by Rosen et al. [4] and 
Fredriksson et al. [5]. In this analysis, the fatality 
and serious injury rates were determined as a 
function of all of the relevant accident parameters. 
 
Sensitivity of the parameters considered in 
estimating fatality/serious injury rate function      
In order to clarify the sensitivity of the parameters 
considered in estimating the fatality/serious injury 
rate functions to the effect of the AEBP, the 
reduction of the number of pedestrian fatalities and 
serious injuries estimated by eliminating each of 
the parameters defined in Table 3 from the 
consideration of fatality/serious injury rate 
functions individually were compared to the 
baseline. The estimation from the use of the exact 
logic of a particular AEBP system and 
fatality/serious injury rates as a function of all of 
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the relevant accident parameters was used as the 
baseline condition. 
 

 

RESULTS 

Sensitivity of Applying the Exact Logic of AEBP 
System 

Figure 2 shows the estimated percent reduction of 
the number of pedestrian fatalities and serious 
injuries with each of the exact logic and the simple 
logic of the AEBP system in the condition when 
the fatality/serious injury rates were determined 
for each of the accident scenarios determined by 
all of the relevant accident parameters. The percent 
reduction of the number of the fatalities and 
serious injuries with the exact logic were 33% and 
18%, respectively, while those with the simple 
logic were 38% and 30%. 
 

 
Figure 2.  Comparison of the percent reduction of 
the number of pedestrian fatalities and serious 
injuries between the exact logic and the simple 
logic of the AEBP system. 

 
Sensitivity of the Parameters to Be Considered 
in Fatality/Serious Injury Rate Function 

Figure 3 and 4 show the comparison of the 
percent reduction of the number of pedestrian 
fatalities and serious injuries for each of the 
estimations calculated by eliminating each of the 
parameters defined in Table 3 from the 
consideration of fatality/serious injury rate 
functions individually. Eliminating the most 
severely injured body region and the pedestrian 
age from the consideration of fatality/serious 
injury rate functions were the most sensitive to the 
reduction of the number of fatalities. On the other 
hand, the most severely injured body region and 

the vehicle category were the most sensitive to that 
of serious injuries. 
 

 
Figure 3.  Percent reduction of the fatalities from 
the baseline condition (consideration of all 
parameters into fatality/serious injury rate 
function shown by the red dashed line). 

 
Figure 4.  Percent reduction of the serious 
injuries from the baseline condition 
(consideration of all parameters into 
fatality/serious injury rate function shown by the 
red dashed line). 

 

DISCUSSION 

Figure 2 shows that applying the exact logic of a 
particular AEBP system had a high sensitivity to 
the estimation of the number of fatalities/serious 
injuries. Since the TTC for the brake activation by 
the actual system was varied by the accident 
parameters, such as the vehicle travel speed and 
pedestrian walking direction and speed, the results 
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suggest that the inclusion of such parameters in 
estimating the effect of the system is crucial for 
accurate prediction 

Figure 3 shows that the most severely injured 
body region and the pedestrian age had the highest 
sensitivity to the estimation of number of 
pedestrian fatalities. For the most severely injured 
body region, Figure 5 shows the fatality rate for 
each MAIS by body region from US accident 
statistics (NASS-CDS: National Automotive 
Sampling System Crashworthiness Data System) 
analyzed by Yanaoka et al. [10], showing that 
fatality rate differed among the body region in 
same injury severity. Additionally, it was assumed 
that the injury severity was different among the 
body region even if the impact location of the body 
region to the vehicle was same due to the 
difference of the contact area and tolerance for the 
injury by the body region. These can be reasons for 
the high sensitivity of the most severely injured 
body region to the estimation of the fatalities. For 
the pedestrian age, Figure 6 shows the fatality rate 
for each MAIS by age from NASS-CDS analyzed 
by Yanaoka et al. [10], showing that fatality rate 
significantly increased with age in same injury 
severity due to the high frailty of the elderly. This 
can be one of the reasons for the high sensitivity of 
the pedestrian age to the estimation of pedestrian 
fatalities. On the other hand, the vehicle category 
had high sensitivity to the estimation of number of 
pedestrian serious injuries while the pedestrian age 
had low sensitivity to this. The injured body region 
which also has high sensitivity to the estimation of 
the number of serious injuries (see Figure 4) was 
determined from the interaction of the body region 
with the vehicle which is assumed to be varied 
among the vehicle category. This can explain the 
reason for the high sensitivity of the vehicle 
category to the estimation of number of pedestrian 
serious injuries. In addition, these suggest that 
considering the pedestrian age, the most severely 
injured body region and the vehicle category in 
estimating the fatality/serious injury rates as a 
function of impact speed is important to further 
improve the accuracy of the estimation of the 
effect of an AEBP system. 
 
 

 
Figure 5.  Fatality rate for each MAIS by body 
region (data from NASS-CDS from year 2001 to 
2007). Adapted from Yanaoka et al. [10]. 
 

 
Figure 6.  Fatality rate for each MAIS by age 
(data from NASS-CDS from year 2001 to 2007). 
Adapted from Yanaoka et al. [10]. 
 

Although this study developed the methodology 
to estimate the effect of the AEBP by applying the 
exact logic of a particular AEBP system to 
Japanese accident data, similar investigation needs 
to be done when estimating the effect of the AEBP 
system in other countries. 

LIMITATION 

This study assumed the detection rate at night and 
rain weather, and the pedestrian walking speed 
distribution was estimated from other data sources 
due to the lack of accident data. In addition, the 
effect of the warning by the system was ignored in 
this study due to the lack of data. These issues 
need to be further investigated for more accurate 
estimation when more data are available.  
 

CONCLUSION 

A methodology to estimate the effect of the AEBP 
on the reduction of the number of pedestrian 
victims was developed by applying the exact logic 
of a particular AEBP system. Following were also 
clarified; 1) Applying the exact logic of a 
particular AEBP system had a high sensitivity to 



Yanaoka 8                     

the estimation of the number of fatalities/serious 
injuries, and 2) The most severely injured body 
region, the pedestrian age, and the vehicle category 
are most sensitive to the estimated effect among 
the accident parameters used in the dataset relevant 
to impact configurations and outcomes except for 
the vehicle travel speed. 
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ABSTRACT 

Objective.  The objective was to determine the relative contribution of occupant versus child restraint system (CRS) 
kinematics to overall lateral head excursion for children in forward facing CRS (FFCRS) during oblique side 
impacts. As a secondary objective, the effect of the tether was investigated. 

Methods and Data Sources.  Sled tests were conducted with a FFCRS and Q3s Anthropomorphic Test Device 
(ATD) secured to a vehicle seat via LATCH, utilizing the center seat position. The vehicle seat and a simulated 
intruded door were secured to the sled at two angles (60 and 80 degrees from full frontal).   Tests were conducted at 
35 km/h delta-v, with and without a tether. Three-dimensional motion capture cameras captured kinematics of the 
ATD, FFCRS and vehicle seat. Head accelerations, neck forces and moments, and LATCH belt forces were 
obtained.  The analysis focused on the relative contribution of the FFCRS motion versus the ATD motion with 
respect to the FFCRS on global lateral head excursion. 

Results.  The overall median lateral head excursion of the Q3s relative to the sled was 430 mm; approximately half 
of the excursion was the displacement of the head relative to the FFCRS (median 223 mm). Head angular motion 
relative to the FFCRS (median roll, pitch and yaw were -79, -55, and 34 degrees respectively) was greater than the 
overall angular motion of the CRS (median roll, pitch and yaw relative to the vehicle seat were -18, 5, and -17 
degrees).  Tether use influenced the FFCRS motion, but not the head motion within the FFCRS.  Observations were 
similar across both test angles. 

Discussion and Limitations.  In order to gain a better understanding of side impact occupant protection for those 
restrained in FFCRS, this research examined both overall FFCRS motion as well as occupant motion within the 
FFCRS.  Previous kinematic analyses typically examined only occupant motion relative to the vehicle frame of 
reference. A large proportion of the occupant’s lateral head excursion was due to the head movement relative to the 



 

 

FFCRS suggesting interventions that address both aspects of lateral kinematics – movement of the FFCRS as well as 
lateral bending/forward flexion of the occupant’s torso/neck relative to the FFCRS – might result in overall injury 
mitigation.  It was important to note that while tether use reduced FFCRS motion, it did not significantly increase 
the motion of the head relative to the FFCRS due to increased restraint of the FFCRS.  Limitations include testing 
one FFCRS, one delta-v, and FFCRS attachment with a flexible LATCH system.  

Conclusion.  Occupant lateral head excursion and angular kinematics in oblique side impact crashes are related both 
to movement of the FFCRS as well as significant motion of the occupant relative to the FFCRS.  This finding 
suggests two pathways for design intervention to mitigate overall occupant lateral excursion and potential impact 
with intruding structures, a common injury causation scenario for children in these crashes.   

 

INTRODUCTION  

Recent development of regulatory test procedures 
worldwide have been focused on evaluation of child 
restraint systems (CRS) in side impacts, but that work 
has mostly been focused on near side child occupants 
(Brown et al. 1997; NHTSA 2014b; Sullivan et al. 
2011; Sullivan and Louden 2009). Research data 
suggests non-near side child occupants are being 
injured in side impact crashes as well (Huntley 2002; 
Arbogast et al. 2010; Brown et al. 2002; McCray et 
al. 2007; Orzechowski et al. 2003; Sherwood et al. 
2003; Sullivan and Louden 2009). Injuries occurred 
when the child occupants contacted the vehicle 
interior, other CRS, their own CRS, and other 
occupants (Arbogast et al. 2010; Sullivan and Louden 
2009; McCray et al. 2007; Charlton et al. 2007; 
Sherwood et al. 2003; Brown et al. 2002). 

Previous work studied the protection of non-near side 
children in FFCRS during side impacts and examined 
the role of large side structures or ‘side wings’ 
designed to provide a means by which to limit lateral 
head excursion in oblique side impact loading. 
(Hauschild et al. 2015). Results demonstrated the side 
wings did not provide adequate head restraint as the 
ATD head rolled out of the FFCRS and displaced far 
enough to place the occupant at risk of impacting 
intruding side vehicle components.  

Other research examined the role of the tether in 
controlling lateral head excursion in similar lateral 
oblique loading scenarios (Hauschild et al. 2016).  To 
better assess the potential for head impact, intrusion 
was simulated by including a door structure on the 
test buck. All tests without a tether resulted in head 
contact with the simulated door, and two tests at near 
pure lateral (80 degree) impact direction with a tether 
also resulted in head contact. No head to door contact 
was observed in two tests at 60 degrees from full 

frontal utilizing a tether. High speed video showed 
the FFCRS rotated and tipped (yawed and rolled) 
which caused the head to roll out of the FFCRS head 
side wings and make contact with the simulated 
intruded door.  

The research described above as well as others 
related to child occupants in CRS has focused on the 
occupant motion relative to the vehicle seat fixture or 
vehicle used for testing (Ghati et al. 2009; Brown et 
al. 1997; Klinich et al. 2005; Hu et al. 2014; 
Hauschild et al. 2016; Sullivan and Louden 2009). In 
order to target strategies for improved design, it is 
important to understand the contributions of FFCRS 
motion to the overall motion of the head.  Thus, the 
objective of this research was to quantify the relative 
occupant motion within the FFCRS during lateral 
oblique impacts compared to the FFCRS motion 
relative to the vehicle seat fixture for a center or far-
side positioned occupant. Additionally, the role of the 
FFCRS tether attachment on head excursion and 
FFCRS roll and yaw was analyzed. 

 

METHODS 

The research methods for the current study were 
presented in previous research (Hauschild et al. 
2016). A summary follows below. 

A forward facing child restraint system (FFCRS) 
utilizing a Q3s ATD was secured to a reinforced 
production vehicle bench seat with a center LATCH 
for a series of nine sled tests. FFCRS were installed 
per the CRS manufacturer instructions and according 
to FMVSS 213 procedures (NHTSA, 2014a) when 
applicable. The FFCRS was secured to the bench seat 
in the center seating position using the available 
LATCH belt (Figure 1). 



 

 

 

Figure 1. Vehicle seat fixture, FFCRS, and simulated door set up. 

 

A simulated intruded door was secured on the left 
side of the bench seat. The static intrusion level was 
based on side impact New Car Assessment Program 
tests of small sport utility vehicles at the mid rear 
door crush level (163 to 296 mm, average 220mm, 
SD 40 mm) . Door and armrest padding on the 
simulated door was similar to that utilized in other 
testing, Dow Ethafoam (2.2 lb/cu ft density) and 
Armacell Oletx (4.0 lb/cu ft density) respectively 
(Sullivan et al. 2011, Hauschild et al. 2013). The 
simulated door panel surface was located 508 mm 
from the centerline of the center LATCH anchors.  

Tests were conducted at oblique side impact angles. 
The vehicle bench seat was set at 80 degrees and 60 
degrees from pure frontal.  

Four tests were conducted at 80 degrees and five tests 
were conducted at 60 degrees. Test angles selected 
for this series were based on previous research 
(Arbogast et al. 2005; Hauschild et al. 2015; Maltese 
et al. 2007; McCray et al. 2007; Sullivan et al. 2011). 
The test matrix is presented in table 1. 

 

 

Table 1.  
Test matrix 

 

The FFCRS 5 point harness was utilized to secure the 
Q3s ATD. CRS manufacturer instructions and 
FMVSS 213 procedures (NHTSA 2014a) were 
followed as applicable. ATD head accelerations, and 
upper neck loads and moments were collected 
according to SAE J211 recommended practices 
(Society of Automotive Engineers, 2014) and head 
injury values (HIC15) were calculated. Each test was 
conducted utilizing the proposed FMVSS 213 side 
impact pulse (NHTSA 2014a) scaled to a target 35 
km/h delta-v. Pulse width remained at a maximum of 
60 milliseconds (Figure 2).

 

Sled 
Test 
No.

Angle 
from 
Front

Int. 
Door Tether

Delta v 
(km/h) Peak G Avg. G

201 60 Yes Yes 34.8 23.0 17.7
202 60 Yes Yes 34.9 23.4 17.6
203 60 Yes No 34.6 23.0 17.8
204 60 Yes No 34.6 23.1 17.8
205 60 Yes No 34.6 23.4 17.6
206 80 Yes Yes 34.6 23.7 17.4
207 80 Yes Yes 34.6 23.6 17.4
208 80 Yes No 34.6 23.8 17.5
209 80 Yes No 34.7 23.8 17.6



 

 

 

Figure 2.  Sample pulse including upper and lower boundaries for proposed FMVSS 213 side impact pulse. 

 

Three-dimensional motion capture cameras (TS40, 
Vicon, Denver, CO) recorded kinematics of the ATD, 
FFCRS and seat. The ATD, FFCRS and vehicle seat 
fixture had retroreflective markers secured on each in 
a noncollinear pattern. Ten markers were secured on 
each FFCRS. The ATD, FFCRS, and vehicle seat 
position were measured using a coordinate measuring 
machine (CMM) (FARO Technologies, Lake Mary, 
FL). Data from the CMM and 3-D motion cameras 
were processed to create local coordinate systems on 
each item of interest.  

The ATD head center of gravity was calculated from 
the markers on the ATD head. Markers on the 
FFCRS were processed and utilized to create a 
FFCRS coordinate system to determine ATD motion 
with respect to the FFCRS. Head angular motion was 
calculated from the collected displacement data. 
Positive directions follow SAE conventions; positive 
X, Y, and Z directions are forward, right and down. 
To calculate FFCRS motion, the child restraint was 
treated as a rigid body, and the roll, pitch and yaw 
with respect to the vehicle seat were calculated from 
the retroreflective markers secured on the FFCRS. 
Locations of the ATD head and FFCRS were offset 
to their starting position for each test.  

A Wilcoxon rank sum test was performed to evaluate 
the effect of tether use on the observed kinematics. 
The analysis was conducted on STATA/IC 13.1 for 
Mac revision 19 Dec 2014 (StataCorp, College 
Station, TX).  

 

RESULTS  

Overall kinematic results and discussion of the 
potential for head impact from this test series has 
been previously described (Hauschild et al, 2016).  
Results presented here will be limited to data 
examining the relative motion of the Q3s ATD within 
the FFCRS and the FFCRS motion relative to the 
vehicle seat fixture. Both the ATD and FFCRS 
moved toward the input pulse on the left of the Q3s. 
In all tests the FFCRS motion was limited by the 
simulated intruded door, and in 7 of 9 tests, including 
all tests without a tether, the ATD head contacted the 
simulated intruded door.  

Head  

The head lateral excursion relative to the FFCRS and 
relative to the vehicle seat fixture is presented in table 
2.  Head center of gravity forward, lateral and vertical 
excursion with respect to the FFCRS was not 
significantly different (p=0.07, 0.81, and 0.46) for 
seats restrained by the tether compared to those 
which were not. This finding was similar for forward 
and vertical head displacements with respect to the 
vehicle seat fixture (p =0.62 and 0.33 respectively); 
however the lateral head excursion with respect to the 
vehicle seat fixture did significantly differ with tether 
use (p=0.05). 

The lateral displacement of the FFCRS accounts for 
31% of the lateral ATD head excursion for tethered 
FFCRS and 51% for the untethered FFCRS. Lateral 
excursion results are presented in table 2 below. 

 



 

 

Table 2.  
Head CG and FFCRS lateral displacements sorted by tether use. 

 

 

 

The head roll angle relative to the FFCRS and 
relative to the vehicle seat fixture is presented in table 
3.  Head center of gravity roll, pitch and twist angles 
with respect to the FFCRS were not significantly 
different (p= 0.14, 0.90 and 0.46 respectively) for 
seats restrained by the tether compared to those 
which were not. 

When the tether was utilized the FFCRS roll angle 
decreased and the yaw angle increased. FFCRS 
angular motion was significantly different depending 
on tether use; roll, pitch and yaw (p = 0.01, 0.02 and 
0.01 respectively). The FFCRS maximum roll, pitch 
and yaw angles and associated timing are presented 
in Table 4. 

 

Table 3.  
Head CG and FFCRS roll angles sorted by tether use. 

 

 

 
 

Max Head 
Lateral Disp. 
wrt FFCRS

Max Head 
Lateral Disp. 
wrt SLED

Max Top 
CRS Target 
Lateral Disp. 
wrt SLED

Ratio of 
Lateral Disp. 
wrt SLED

Test Angle Tether
Head 

Impact mm mm mm CRS/ Head

201 60 Yes No -223 -376 -120 32%
202 60 Yes No -216 -382 -119 31%
206 80 Yes Yes -244 -418 -126 30%
207 80 Yes Yes -251 -431 -124 29%
203 60 No Yes -211 -442 -226 51%
204 60 No Yes -219 -426 -218 51%
205 60 No Yes -202 -430 -231 54%
208 80 No Yes -216 -445 -211 47%
209 80 No Yes -218 -448 -211 47%

Max Head 
CG Roll wrt 
FFCRS

Max Head 
CG Roll wrt 
SLED

Max FFCRS 
Roll wrt 
SLED

Ratio of Roll 
Angle wrt 
SLED

Test Angle Tether Head 
Impact

deg deg deg CRS/ Head

201 60 Yes No -67 -79 -14 18%
202 60 Yes No -69 -80 -14 18%
206 80 Yes Yes -75 -89 -13 15%
207 80 Yes Yes -69 -79 -12 15%
203 60 No Yes -56 -70 -18 26%
204 60 No Yes -79 -94 -18 19%
205 60 No Yes -57 -74 -19 26%
208 80 No Yes -48 -69 -18 26%
209 80 No Yes -52 -71 -18 25%



 

 

Table 4.  
FFCRS roll, pitch and yaw maximum angles sorted by tether use. 

 

 

 

Upper Neck 

Upper neck tension and flexion/extension moment 
(Y) were not significantly different based on tether 
use (p= 0.81 and 0.27 respectively). Upper neck 
lateral bending moment (X) was significantly 
different based on tether use (p=0.01).  Detailed 
upper neck results were presented in Hauschild et al. 
(2016).  

 

DISCUSSION 

In order to improve performance of FFCRS in lateral 
oblique crashes, this research examined the occupant 
motion with respect to the FFCRS as well as the 
overall FFCRS motion. Previous research studies 
examining this crash direction have only examined 
the child ATD motion with respect to the seat fixture 
(Ghati et al. 2009; Brown et al. 1997; Klinich et al. 
2005; Hu et al. 2014; Hauschild et al. 2016; Sullivan 
and Louden 2009). This study is an extension of 
previous research examining the influence of the 
tether and the possibility for head impact during 
oblique side impacts (Hauschild et al. 2016). 

Previous studies examining head excursion in oblique 
side impact testing found excursion levels which 
could potentially expose the center positioned child 
occupant to intruding vehicle components or a far- 
side child occupant to impacts with adjacent 
occupants (Arbogast et al. 2010,  Ghati et al. 2009; 
Hauschild et al. 2015; Sherwood et al. 2003).  

This study highlighted that the displacement of the 
FFCRS is a factor in the peak lateral head excursion 
values. One-third to one-half of the overall lateral 
head excursion is derived from the motion of the 
FFCRS itself demonstrating the importance of 
controlling the FFCRS motion for limited occupant 
excursion. When considering angular motion, the 
contribution of the FFCRS motion was less, 
representing only 15 0 25% of the overall head roll 
angle. 

This study also examined the influence of the FFCRS 
tether on these relationships.  The head CG lateral 
excursions with respect to the vehicle seat fixture 
were significantly lower when the tether was utilized 
(median 400 mm with tether and 442 mm without 
tether). The tether is primarily designed to control 
forward excursion of the FFCRS in frontal crashes; 
these data demonstrate that it is also effective in 
controlling lateral motion in side impacts.  In contrast 
the head CG lateral excursions with respect to the 
FFCRS trended slightly higher when the tether was 
utilized (median 234 mm with tether and 216 without 
the tether). This is likely due to the lateral restraining 
force the tether provides to the FFCRS such that the 
head’s response to the crash energy requires it to 
move farther relative to the child restraint.  The 
FFCRS displacement contributed approximately 50% 
of lateral excursion when the tether was not utilized; 
whereas when the tether was used that ratio was 
smaller (approximately 30%).  

When the tether was utilized, the FFCRS had 
increased yaw and decreased roll with respect to the 

FFCRS Roll 
wrt SLED Time

FFCRS 
Pitch wrt  
SLED Time

FFCRS Yaw 
wrt SLED Time

FFCRS Angle 
Resultant wrt 
SLED Time

Test Angle Tether
Head 

Impact
Deg. ms Deg ms Deg ms deg ms

201 60 Yes No -14 122 5 138 -20 74 24 124
202 60 Yes No -14 124 4 134 -21 74 24 75
206 80 Yes Yes -13 86 4 60 -23 67 27 67
207 80 Yes Yes -12 92 4 64 -24 65 27 64
203 60 No Yes -18 84 7 247 -12 67 22 80
204 60 No Yes -18 76 5 87 -13 66 22 75
205 60 No Yes -19 93 7 106 -13 68 22 86
208 80 No Yes -18 75 6 71 -16 69 25 71
209 80 No Yes -18 67 5 76 -17 65 25 66



 

 

vehicle seat fixture, which corresponded to less 
lateral displacement at the top of the FFCRS and less 
overall lateral head displacement. The roll angles and 
lateral displacements were limited by the interaction 
with the simulated intruded door and may have been 
higher if the tests had been conducted without the 
simulated door or if the FFCRS was placed in a far-
side seat position where interaction with the door is 
less likely. Tests with higher FFCRS roll angles and 
lateral head excursions trended to higher HIC values 
due to the intruded door contact (Hauschild et al. 
2016). 

The kinematic observations are summarized in Figure 
3 below displaying the FFCRS motion. The figure 
demonstrates the additional lateral movement of the 
upper portion of the untethered FFCRS (dotted lines) 
which leads to greater ATD lateral head excursions.  

The figure also shows the untethered (dotted lines) 
FFCRS has more lateral travel and rebound past its 
starting position. This may lead to injury for a far 
side occupant who impacts the adjacent vehicle side 
structure on rebound. The study by Brown et al. 
(1997) also indicated that the far side occupant could 
potentially have injuries on rebound.  

The FFCRS motion also influences upper neck 
moments.  The lower roll angles and higher yaw 
angles of the tethered FFCRS had higher upper neck 
lateral bending moments which directly correlate to 
lateral head displacements within the FFCRS (r2 = -
0.89).  In contrast, there was not a relationship 
between neck moments and lateral head excursion 
with respect to the vehicle seat fixture. As the FFCRS 
is held in place by the tether the occupant tends to 
roll out more relative to the FFCRS thereby 
increasing the lateral bending neck moment.  

Although there currently is no criteria for neck lateral 
bending moments (X) specifically for the Q3s ATD, 
values are approaching or in some case exceeding the 
recommended IARV for a 3 year old in lateral 
bending (32 Nm) (Mertz et al. 2003). Neck 
flexion/extension moments (Y) were slightly higher 
with tether use but did not exceed the recommended 
maximum IARV (21 Nm) (Mertz et al. 2003). The 
results suggest other pathways related to vehicle and 
FFCRS interaction to control the head and neck 
motion may be required to reduce neck tension and 
moments. 

 

 

Figure 3.  Exemplar 2-dimensional displacement of the targets on the FFCRS from the 80 degree tests, 
demonstrating FFCRS motion in lateral and vertical planes (solid lines – tether use; dashed line – non-tether 

use). Select marker locations are circled in image on right. 

 



 

 

Limitations 

Limitations of this study include the testing of one 
FFCRS, one input pulse, one delta-v, and a single 
vehicle seat fixture. The FFCRS was a common child 
restraint and had no distinguishing design features 
which suggest its response would be different from 
others. The FFCRS was attached using the available 
single LATCH belt and tether webbing system.  It is 
likely that the results would be different for other 
lower attachment methods; this should be the focus 
of future exploration.  A stock production bench seat 
from a small SUV type vehicle was used for testing. 
Other seat types may have an effect on occupant 
response.  

 

CONCLUSION AND RECOMMENDATIONS  

This research found the occupant lateral displacement 
and angular kinematics are related to the motion of 
the FFCRS in oblique side impact crashes. A 
substantial proportion of the occupant’s lateral head 
excursion was due to the FFCRS movement relative 
to the vehicle seat fixture.  This result varied by 
tether use such that 50% of the overall lateral head 
excursion was due to FFCRS motion in untethered 
FFCRS while only 30% of the overall lateral head 
excursion was due to the FFCRS motion when 

tethered. It was noted that while tether use reduced 
FFCRS motion, it did not significantly increase the 
motion of the head relative to the FFCRS due to 
increased restraint of the FFCRS.   Interventions that 
address both aspects of lateral kinematics – 
movement of the FFCRS as well as lateral 
bending/forward flexion of the occupant’s torso/neck 
relative to the FFCRS – might mitigate overall lateral 
excursion and potential impact with intruding 
structures, a common injury causation scenario for 
children in these crashes.    
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ABSTRACT 

This paper describes the development of evaluation methods to asses the suitability of a 3D surrogate vehicle for use 

in automotive safety tests for vehicles instrumented with radar. A vehicle with advanced driver assistance 

technology is tested in scenarios where it should take measures to avoid collisions. This is the Vehicle Under Test 

(VUT). In some scenarios, it is desired to see how the VUT performs in the presence of other vehicles. For safety 

reasons, the surrogate vehicle acts as the other vehicles in these situations. The term 3D surrogate vehicle is used to 

describe a surrogate suitable for tests from any approach direction. The 3D surrogate vehicle must satisfy three 

principal requirements: 

1. The target must not cause injury or damage to test driver and vehicle.     

2. The target must present a realistic response to advanced driver assist sensors and algorithms 

3. The target should require minimal effort and time to re-construct following crash events. 

The international community of automotive system and parts manufacturers, along with automotive safety 

assessment groups, is intent on accepting an initial 3D surrogate vehicle, referred to as the harmonized target, for 

testing advanced driver assistance systems. Measurements are being made by teams in the US and Sweden to 

compare the response of radar to the harmonized target along with real vehicles. This paper describes the rationale 

and theoretical foundation for these methods. 
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INTRODUCTION 

For the accelerating development work ongoing in 

the active safety and autonomous functionality area it 

is vital that suitable surrogates are produced and 

accepted by the community. These surrogates are 

required, from early prototyping to rating tests, as 

crashable targets simulating real vehicles. Further, 

the surrogates have to be crashable with minor or no 

damage to the vehicle housing the functionality being 

tested. Different designs and concepts are possible, 

meeting e.g speed and maneuverability requirements 

for the specific test, but appearance to the relevant 

sensors and algorithms always has to be correct and 

consistent. 

One vital factor for testing on proving grounds is a 

controlled and repeatable environment so that each 

VUT is subjected to the same test. This is the main 

differentiator, if safety is excluded, from testing in 

real traffic. The same traffic scenario has to be 

possible to repeat hundreds of times with an identical 

configuration to allow for validation of vehicle 

functionality. In these situations the surrogate vehicle 

has to maintain consistent properties for all relevant 

sensors, even if each test requires re-assembly of the 

surrogate. Here evaluation methods are a necessity 

since the human eye is not sufficient, all relevant 

spectrums and properties, such as radar cross section 

(RCS), have to be evaluated. 

Knowledge of the statistics for energy returned from 

an object of interest (target) is typically the starting 

point for a radar system designer [1]. The RCS is a 

crucial element in understanding the ability of a radar 

to detect, track and identify the target. Early work to 

model target statistics and characterize the impact on 

radar performance were the subject of research by [2] 

and [3]. 

The procedures proposed here are practical measures 

of energy reflected by vehicles and surrogates in the 

plane of the targets during a full azimuth scan in a 

monostatic setup. The resulting 360 degree response 

enables characterization of the types of returns that 

can be expected by automotive radars. The 

procedures in this paper do not cover all aspects of 

the reflected energy, e.g., characterisation of the 

spatial distribution of the reflections on or within the 

target which are significant to the automotive radar 

response are needed to be characterised as well. This 

will be further elaborated in the “Discussion and 

Limitations” section. 

METHODS AND DATA SOURCES 

Measurements to characterize the full azimuth radar 

response of the 3D surrogate are collected following 

two separate methods: 

1. This first method considers multiple vehicles 

and a surrogate measured in azimuth with the 

aid of an instrumented turntable at the at the 

Terrestrial Antenna Range, managed by the 

Applied EMAG and Wireless Lab, on the 

campus of Oakland University (OU) in 

Rochester, Michigan. Full azimuth scan of the 

targets were made at 28 and 94 GHz. These 

measurements are used to explore statistical 

approaches to evaluate the fidelity of a test 

surrogate.   

2. Full azimuth scan of targets on open test area 

using a FMCW radar mounted on a movable 

trolley made by RISE Institutes of Sweden. 

This method positions a trolley via high 

precision GNSS (e.g. RTK-GPS) or a marked 

circle on the ground. Aiming accuracy of the 

radar towards the target is reduced compared to 

method 1, but on the upside this method is an 

alternative which can be implemented directly 

on the test-track without the need of a turn 

table. 

Method 1:  Measurements On Turntable 

Sample Vehicles  The team from Michigan Tech 

Research Institute and Oakland University collected 

radar measurements of the Guided Soft Target test 

system from Dynamics Research Incorporated and 

the four vehicles identified in Table 1. 

Table 1: Vehicles and dimensions used for 

comparison in this study. Dimensions are shown 

in meters. 

Make 

Model 
Year Length Width Height 

Hyundai 

Accent 
2008 4.05 1.70 1.47 

Toyota 

Camry 
2004 4.80 1.80 1.47 

Ford Fiesta 2016 4.06 1.73 1.48 

Subaru 

Impreza 
2013 4.42 1.75 1.47 

DRI 

GST 
2016 4.02 1.71 1.43 
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Collection Geometry  The collection system was set 

up 55 meters from the turntable platform. The entire 

system was contained within the back of a box truck 

to eliminate daily setup and any resulting system 

changes. The resulting spot size of the radar beam, 

full-width half maximum (FWHM), at the turntable 

was 1. 5 meter diameter. The center of this spot was 

80 cm above the ground, as shown in Figure 1 

. 

 

Figure 1: Overlay of beam foot- atop photograph 

of the Subaru. 

Vehicles were positioned for measurement on the 

platform by placing the center of the vehicle at the 

center of the platform and facing the 0 degree 

rotation point, as in Figure 2.  

 

Figure 2: Measurements were collected with all 

targets set such that the center of the bounding 

box is at the center of rotation.  

The target aspect angle convention is shown, with 0 

degrees as the front of the vehicle and 180 degrees is 

the rear. The vehicle is centered when the body is 

aligned on the 0 degree axis and the distances, d, 

from front and rear to the edge of the turntable are 

equal.   

Radar measurements and turntable angle 

measurements were made independently with GPS 

clocks and the data were aligned by linear 

interpolation. The received power is calibrated, via 

substitution [4]. 

Angular Sampling  Radar measurements were 

collected while the turntable was rotated at a rate 

suitable to oversample the angular bandwidth of the 

targets. The collection system makes a single 

frequency measurement 14.3 times per second.  A 

full representation of the backscattering fields (and 

therefore RCS) of an object from field samples is 

dependent on the wavelength and geometry of the 

collection [5] and [6]. 

Assuming the maximum scene dimension,𝜌𝑚𝑎𝑥,  

shown in (Equation 1) is limited by the null-to-null 

beam-width of our antennas (2.6°),  

𝜌𝑚𝑎𝑥  = 2 𝑅 tan( 𝛽𝑛𝑢𝑙𝑙/2) (Equation 1) 

where 𝑅 is the range from radar to the target, the 

angular sampling requirement (maximum interval in 

angular measurements needed) to reconstruct the EM 

field is given by (Equation 2) [5].  

Δ𝜙𝑚𝑎𝑥 =
𝜆0√𝑅2 + (𝜌𝑚𝑎𝑥)2

4𝑅𝜌𝑚𝑎𝑥

 
(Equation 2) 

The theoretical angular sampling requirements are 

tabulated in Table 2. The measured data is confirmed 

to be oversampled by inspecting the Fourier 

transform of the azimuth data and observing that the 

azimuth sampling is band-limited.  

Table 2 – Theoretical azimuth sampling 

requirement by radar band (wavelength) mapped 

into the turnatable parameters of the facility to 

estimate samples required and collection time.  

Parameter 28 GHz 94 GHz 

wavelength, λ 0.01 0.00 

range, R 55.00 55.00 

beam width, ρMax 2.50 2.50 

angular interval, Δφ 0.06 0.02 

sampling rate,fS 14.00 14.00 

angular rate, ΔφS 0.88 0.24 

collection time in 

minutes 
6.78 24.87 

# samples 5697 20891 
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Measurements   Calibrated radar returns from one of 

the vehicles and the GST are plotted in Figure 3 at 28 

GHz and 94 GHz.  The strong specular return of the 

Ford Fiesta at 90 and 270 degrees in aspect (side 

view) are accompanied by low measurement returns 

at oblique angles away from the front, side and rear.  

 

 

 

Figure 3: Polar plots of radar returns a Ford 

Fiesta and Subaru the GST, measured at 28 GHz 

(top) and 94 GHz (bottom).  

The same is observed for all of the vehicles, and is 

expected for radar targets with smooth, flat sides. 

However, the GST is a soft target and this feature is 

less pronounced. 

Method 2:  Measurements At Test Track 

Sample Vehicle  The research project HiFi Radar 

Target (with participants from RISE, AstaZero, 

Volvo Cars and Autoliv) collected radar 

measurements of a Volvo S60, as described in Table 

3 

Table 3: Vehicle and dimensions used. Dimensions 

are shown in meters. 

Make 

Model Year Length Width Height 

Volvo S60 2015 4.63 2.10 1.48 

 

Collection Geometry  This method enables data 

collection on a test-track and does not require a 

turntable for rotation of the target (vehicle or 

surrogate). Here an azimuthal scan is performed by 

parking the vehicle on a fixed spot on a large flat 

asphalt plane (High Speed Area at AstaZero [7]) and 

move the measurement equipment around the target 

during data collection. For collecting RCS samples a 

W-band FMCW modulated radar with a bandwidth of 

1 GHz centered around 76.5 GHz was used. This 

radar had a waveguide output which was connected 

to a lens horn antenna with a beam width of 2.5°. For 

precise movement the measurement equipment was 

mounted on a trolley which was manually moved 

along a circle marked on the ground and the vehicle 

was positioned in the center of the circle according to 

Figure 4. It is also possible to use a high precision 

GNSS receiver (e.g. RTK-GPS) and a robot to 

automatically position the trolley. The radar was 

mounted on the trolley so that it was always facing 

the center of the circle. The radius of the circle was 

for this measurement set to 18 meters. At this 

distance the diameter of resulting spot size (defined 

by the 3 dB beam width) of the radar at the center 

point was 0.79 m in diameter.  

 

Figure 4: Description of the measurement setup. 

Radius R = 18 m. 

Calibration  To evaluate the system, the RCS of a 

sphere was measured. As a theoretical sphere has 

constant monostatic RCS independent of angle the 

measured response should ideally be constant and is 

therefore a good candidate for basic estimation of the 

uncertainty of the method. Major factors that 

influence accuracy are imperfections in positioning 

and aiming abilities, accuracy of the radar, influence 

of ground reflection and a non-perfect target (i.e. the 

sphere). In Figure 5, the measured RCS as function of 

angle of the sphere is presented. The sphere had a 

radius of 125 mm and the standard deviation of the 

collected data was 0.9 dB. 
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Figure 5: Evaluation of the measurement system: 

RCS of the sphere as function of angle. 

Measurements  Returns of the vehicle at two 

different heights are plotted in Figure 6. By 

comparing the measurement at 0.6 m height with the 

measurement at 1.1 m height it can be seen that RCS 

is lower at 1.1 m (due to less car body and more 

windows at that 1.1 m height compared to 0.6 m 

height). This is especially evident in the front 

direction. 

 

 

Figure 6: Polar plots of radar returns from the 

Volvo S60 vehicle. The orientation of the vehicles 

is the nose is at 0 degrees, so that the vehicle 

would be aimed to the right in the plot above. 

Measurements at radar height 0.6 m (top), and 1.1 

m (bottom). 

RESULTS 

The results of this research are the development of an 

evaluation strategy for surrogate vehicles and 

demonstration that a reasonable protocol can be 

developed to make such an evaluation at test tracks. 

The azimuthal scans of the vehicles and GST can be 

used to sample ensembles of radar returns for a set of 

viewing aspect angles. For an ensemble of aspect 

angles, we can generate the empirical cumulative 

density function (CDF) of the radar reflections. The 

CDF provides a direct measure of the target’s role in 

the performance of a threshold detector. At a given 

value of RCS on the independent axis, the CDF, see 

example in Figure 7, relates the ratio of 

measurements that fall below that value. 

Measurements below the threshold confirm a null-

hypothesis, 𝐻0, in the presence of the sample, 𝐻1. 

The probability of this happening, 𝑃(𝐻0|𝐻1), is the 

type 2 error rate or probability of missed detection.  

The maximum separation between a pair of CDFs is 

the definition of the Kolmogorov-Smirnov two 

sample test statistic, 𝛾𝐾𝑆,2 [8]. Therefore, these 

measurements offer a path to develop a hypothesis 

test for target evaluation.  

 

Figure 7: An example cumulative density function 

with a threshold and the type 2 error rates for the 

two samples shown by dashed and solid CDF 

curves. 

Method 1: Turntable Results 

Example results were generated for three windows of 

aspect in Table 4. The CDFs show that, in general, 

the GST is more detectable than the vehicles used for 

comparison. This is especially true at nose aspects. 

The CDF plots for the measurements at 28 GHz and 

94 GHz are shown in Figure 8, 9, and 10, for the 

aspect windows.   

The CDFs show that the GST is likely to 

underestimate the type 2 errors that would be 

expected using real vehicles (it will provide 

optimistic performance results).  
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Table 4: Aspect angles in each of the windows 

used for statistical analysis. 

Aspect Window  Aspect Angles in Window 

Nose {-45, ... 45} 

Side {45, ... 135} and {225, ... 315} 

Tail {135, ... 225} 

The GST does not reflect power, however, at levels 

that are inconsistent with returns of vehicles. So it is 

not producing reflections at levels higher than the 

vehicles, it is simply not producing as many low 

returns. Thus, from the turntable analysis, a radar 

intended to detect vehicles should perform well 

against the GST. 

 

 

 

Figure 8: The CDFs of the measurements at tail 

aspects at 28 GHz at top, and 94 GHz at bottom. 

 

 

 

Figure 9: The CDFs of the measurements at side 

aspects at 28 GHz at top, and 94 GHz at bottom. 

 

 

 

Figure 10: The CDFs of the measurements at nose 

aspects at 28 GHz at top, and 94 GHz at bottom. 

 

Examples of the value of 𝛾𝐾𝑠,2 are shown for pairs of 

targets in Table 5 
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Table 5: Example values of 𝜸𝑲𝑺,𝟐 for pairs of 

targets, including vehicles and surrogate using at 

28 GHz, and aspects of 135…225°.   

 Toyota 

Camry 

Ford 

Fiesta 

Hyundai 

Accent 
GST 

Subaru 

Impreza 
0.097 0.059 0.116 0.148 

Toyota 

Camry 
 0.083 0.086 0.228 

Ford 

Fiesta 
  0.090 0.196 

Hyundai 

Accent 
   0.242 

 

A threshold can be developed based on the values 

based on vehicles only and used to evaluate the 

surrogate. The development of a threshold is beyond 

the scope of this paper. However, the values in  , 

show that the values comparing the GST and the 

vehicle (the last column, in grey) are all greater than 

the values comparing vehicles. While this approach 

provides a definitive evaluation, it requires a 

statistically rich data set and definition of the 

confidence interval.  

Method 2: Test Track Results  

The amount of captured data was not enough to 

create CDFs of the measurements in the three aspect 

windows defined in method 1. Therefore a CDF from 

0 to 360 degrees is plotted for the two measured 

heights. 

The CDFs, in Figure 11, show that, in general, 

measurements at 1.1 m height reflects less power 

compared to measurements at 0.6 m height. This is, 

as previously stated, probably due to less car body 

and more windows at that 1.1 m height compared to 

0.6 m height. 

DISCUSSION AND LIMITATIONS 

Measurements of vehicles and a soft surrogate were 

made under different conditions in Sweden and the 

US. The radar returns show a similarity in domain, 

mostly between -20 to 20 dBsm. The angular 

responses show similar features, with the vehicles 

producing pronounced specular returns at the sides 

and more complicated structure near front and rear. 

The measurements in US are used to demonstrate a 

method for evaluating the power distribution of a soft 

surrogate to induce similar errors in a collision 

avoidance system via the cumulative density 

function.  The measurements in Sweden support the 

development of protocols that can be used at safety 

test tracks, allowing for tests that ensure each VUT is 

subjected to similar test conditions.    

 

 

Figure 11: The CDF for two measurement heights 

of the target is plotted. 

The research detailed in this paper is intended to 

provide input to ISO work on 3D target specification, 

as well as facilitating the work on the harmonized 3D 

target. These measurements are calibrated, but are not 

intended as far-field target RCS measurements. 

The spatial distribution on the target of the reflected 

energy is not covered by these methods, and therefore 

complementary characterizations and measures are 

needed, possibly both in range and for viewing angle. 

Finally close range characterisation of the target 

(which is directly dependent on its spatial 

distribution) is necessary for automotive functions 

operating at close range. 

CONCLUSIONS AND RELEVANCE TO 

SESSION SUBMITTED 

Methods to evaluate surrogate vehicles for 

automotive safety tests need to be defined. The 

research here develops an initial approach to evaluate 

surrogate vehicles at test tracks. This requires that 

measurements have a well defined protocol and 

decision test. Our results suggest that a protocol using 

the cumulative density function of measurements 

over a defined set of aspect angles provides a basis 

for comparing surrogates with a pool of 

representative objects. Further, the results suggest 

that this approach can be practiced at test tracks.  

The use of the Kolmogorov-Smirnov two sample test 

statistic provides a metric that to evaluate surrogates 

with an hypothesis test. However, the results also 

high-light the need for a statistically rich set of 
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measurements to support this approach, along with 

further development of the theoretical framework for 

computing the confidence of such a test.  
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ABSTRACT 

 

Naturalistic driving recorders were installed on 11 passenger cars, running in 5 Chinese cities ranging from first 

tier to third tier cities to obtain naturalistic driving data. And 65 near-crash cases related to pedestrians are 

extracted from the database and researched. Based on vehicle’s speed obtained from OBD (On-Board 

Diagnostic), image process method and kinematic formulas, information of the pedestrian, road environment 

and vehicle is collected. Firstly, based on the 65 samples, qualitative analysis on the key elements such as 

pedestrian’s walking direction and road congestion status is conducted to obtain characteristics of near-crash 

cases related to pedestrians in China. Secondly, typical scenarios at the time of risk start (TRS) are obtained 

from 39 samples through cluster analysis. Thirdly, the differences between the current study and previous 

studies are analyzed and discussed further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Su2 
 

INTRODUCTION 

 

Of all traffic participants, pedestrians are the most 

vulnerable kind. In an accident, the pedestrian 

usually suffered much severer casualty than the 

occupants. In 2014, there were 58,523 casualties 

from road traffic accidents in China, including 

15,110 pedestrians, accounting for about 26%[1]. 

Autonomous Emergency Braking System is assumed 

to be an effective counter measure for this situation. 

AEB could help to avoid collisions or reduce crash 

severity through automatic braking. However, in 

Chinese market, complete evaluation system which is 

accustomed to Chinese traffic characteristics has not 

been established to support the development of 

Pedestrian AEB. Typical scenarios related to 

pedestrians obtained from Chinese near-crash cases 

are the essential information for the AEB 

effectiveness evaluation system in China, and they 

are the foundation for the R&D of Pedestrian AEB. 

 

CURRENT RESEARCH STATUS 

 

EU project APROSYS (Advanced Protection 

Systems) obtained three typical scenarios from 

accidents related to pedestrians based on GIDAS 

(German In-Depth Accident Study) [2]. Another EU 

project VFSS (Advanced Forward-Looking Safety 

Systems) designed four testing scenarios for 

Pedestrian AEB based on four databases[3]. In China, 

Liu Ying obtained four typical scenarios with the 

corporation of Geely Automobile Research 

Institute[4]. 

 

All the testing scenarios mentioned above include the 

following factors: vehicle’s speed, pedestrian’s 

walking direction and driver’s view obstruction. It 

can be seen that these factors are essential to 

establish testing scenarios and evaluate function of 

Pedestrian AEB. Most researches obtain typical 

scenarios based on accidents instead of near-crash 

cases. It may result in difference in concrete variables. 

Besides, all the research mentioned above do not 

consider about pedestrian’s walking speed or just 

design testing scenarios utilizing average pedestrian 

speed, which could not reflect difference on 

pedestrian’s walking characteristics. 

 

ANALYSIS ON CHARACTERISTICS OF 

NEAR-CRASH CASES RELATED TO 

PEDESTRIAN 

 

Near-crash cases refer to events in which drivers take 

efficient steps under urgent road traffic situations and 

avoid potential accidents successfully. 

Naturalistic driving recorders were installed on 11 

passenger cars in 5 Chinese cities to obtain 

naturalistic driving data. Once the longitudinal or 

lateral acceleration is higher than 0.3g, or vertical 

direction is higher than 0.5g, the device is triggered. 

Videos in that period are then written into memory 

card. After that, all the video samples during the 

period in which sudden speed change occurs are 

judged and sifted manually to get near-crash cases. 

65 near-crash cases related to pedestrians from 

September 2015 to May 2016 are extracted from the 

database eventually. Based on the 65 samples, 

qualitative analysis on information such as 

pedestrian’s walking direction and road congestion 

status is conducted to obtain characteristics of 

near-crash cases related to pedestrians in China. 

 

Each near-crash sample can be extracted to the 

combination of several variables. Through video 

observation and recording, statistical distribution of 

each variable, as shown in Table 1, is obtained. 

Table 1. 

Statistical distribution of variables 

 

 

Variable name Variable value Sample size Proportion 

Driver’s view 
Obstructed 13 20.00% 

Not obstructed 52 80.00% 

Time period 
Daytime 55 84.62% 

Night 10 15.38% 
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Light conditions 
Good 60 92.31% 

Not good 5 7.69% 

Weather condition 
Sunny 60 92.31% 

Rainy 5 7.69% 

Road congestion 

status 

Congested 2 3.08% 

Not congested 63 96.92% 

Intersection or not 
Intersection 33 50.77% 

Non-intersection 32 49.23% 

Pedestrian crossing 

from 

Along the road 12 18.46% 

Left 28 43.08% 

Right 25 38.46% 

Pedestrian comply 

traffic rules 

Yes 29 44.62% 

No 36 55.38% 

Pedestrian age 

Children 6 9.23% 

Adults 50 76.92% 

Old people 9 13.85% 

Pedestrian’s 

Wearing 

Dark 57 87.69% 

Light 8 12.31% 

 

Following conclusions can be drawn from Table 1 

 

1) The condition that the driver is driving under 

daylight and sunny weather is respectively 5 times 

and 11 times more than driving under darkness and 

rainy weather. Presumably, people drive more 

carefully under darkness and rainy weather.  

Therefore, accidents are less likely to happen in latter 

conditions. 

 
2) The location, whether is at intersection or not, 

does not have effect on occurrence of near-crash. 97% 

near-crash cases happen on roads which are not 

congested. By reviewing videos, we find that people 

drive faster in spacious road and conflicts are more 

likely to happen. 

 

3) At the time of risk start (TRS), the number of the 

cases in which pedestrian is crossing the road is 

about 3 times more than that of the cases in which 

the pedestrian is walking along the road. The reason 

why people walking along the road are less likely to 

have conflicts with vehicle is that they are more 

likely to be perceived by drivers. Therefore, drivers 

can take measures in advance to avoid conflicts.  

 

4) Approximately 55% near-crash cases are due to 

pedestrian’s failure to comply with traffic rules. 

Therefore, uncertainty of pedestrian’s movement 

should be fully taken into account when establishing 

testing scenarios of Pedestrian AEB. 

 

5) People in each life stages may have conflicts with 

vehicle. People of different ages have different 

characteristics on factors such as height and walking 

speed. These differences should be considered about 

carefully in establishment of testing scenarios of 

Pedestrian AEB. 

 

6) In near-crash cases, most pedestrians wear dark 

clothes which are more difficult to detect in poor 

light condition compared to light-color clothes. 

 

7) Some cases happen between vehicle and several 

people. Identification of multiple pedestrians is more 

challenging for AEB system. And research on this 

situation is very essential.  

 

OBTAINMENT OF TYPICAL SCENARIOS AT 

TRS 

 

Time of risk start (TRS) means the moment when 

drivers realize emergency and potential risk of 

crashing with pedestrian. Through vehicle speed 

obtained from OBD , image process method and 

kinematic formulas, information of vehicle speed, 

distance between pedestrian and vehicle and 

pedestrian’s walking speed at TRS is obtained and 

quantitative analysis is conducted then. Typical 

scenarios at TRS can be obtained from the data 

mentioned above through multivariate statistical 

method of cluster analysis.  

 

Analysis of Quantitative Information 

Due to the limitation of image processing algorithm, 

quantitative information of two kinds of cases cannot 
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be obtained. In the first kind, distance between 

vehicle and pedestrian cannot be calculated 

accurately since the road is uneven. In the second 

kind, location of pedestrian’s feet cannot be selected 

if pedestrian’s feet are masked in the image. 

Therefore, the distance cannot be calculated. 

Quantitative information of 39 samples is obtained 

except two kinds of cases mentioned above 

eventually.  

Vehicle Speed Distribution at TRS Vehicle speed 

distribution at TRS is shown in Figure 1. Samples 

which vehicle speed is in 10-40km/h account for 92.3% 

of the total; Frequency of vehicle’s traveling at high 

speed is small among near-crash cases. 

 

 

Figure 1.Distribution of Vehicle Speed 

 

TTC (Time to Collision) Distribution at TRS TTC 

distribution at TRS is shown in Figure 2. Cases 

which TTC is among 1.4s and 4.8s account for 

94.9%. 

 
Figure 2.Distribution of TTC 

 

Relationship between TTC and Vehicle Speed 

Relationship between TTC and vehicle speed is 

shown in Figure 3. We can draw conclusion that TTC 

is basically independent of vehicle speed from 

Figure3 

 

Figure 3.Relationship between TTC and Vehicle 

Speed 

 

Relationship between Vehicle Speed and 

Pedestrian’s Walking Speed Relationship between 

vehicle speed and pedestrian’s walking speed is 

shown in Figure 4. Vehicle speed is roughly linear 

with pedestrian speed. 

 
Figure 4.Relationship between Vehicle and 

Pedestrian’s Walking Speed 

 

Introduction of Cluster Analysis 

Cluster analysis classifies individuals or objects so 

that the similarity between objects in the same group 

is stronger than the similarity between objects of 

other groups. The whole process of obtaining typical 

scenarios includes two steps. First, all samples are 

classified into several groups. Second, eigenvalues 

are extracted from these groups as parameters of 

testing scenarios. 

 

Hierarchical clustering method is used in this 

research. Firstly, n samples are regarded as n groups, 

and each group contains a sample. Secondly, two 

groups with the most familiar property are combined 

into a new group. The same process is repeated until 

all the samples are classified into one group. Thirdly, 

clustering tree diagram is drawn to describe the 

whole process and the number of groups and sample 

size in each group are determined[5].
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Hierarchical clustering method greatly reduces 

subjective consciousness’s influence on classification 

compared to classifying manually. Moreover, the 

classification process is a kind of mathematical 

calculation, which can be repeated easily. 

 

Steps of Cluster Analysis 

39 samples including both qualitative and 

quantitative information are utilized to do cluster 

analysis. 

 

Variable Selection Some variables in qualitative 

analysis are not applicable in cluster analysis, such as 

light conditions and pedestrian’s age. In these 

variables, the proportion of some variable value is 

less than 15%. The proportion disparity of difference 

variable values may lead to ignorance of some value. 

Therefore, this kind of variables is ignored when 

clustering. 

 

Five variables of three types, as shown in Table 3, are 

selected to do cluster analysis. 

 

Table 2. 

Selected variables of cluster analysis 

 

 

Type Variable value Variable name 

Environment 

information 

Time period 
Daytime 

Night 

Intersection or not 
Intersection 

Non-intersection 

Vehicle 

information 
Vehicle speed km/h 

Pedestrian 

information 

Pedestrian crossing from 

Along the road 

Left 

Right 

Pedestrian’s walking speed km/h 

 

Cluster Process As described in literature [6], 

inconsistent coefficient is used to determine final 

number of groups. In the process of clustering, 

inconsistent coefficient of certain combination’s 

higher than that of last combination represents that 

effect of last combination performs well. Larger 

increase in inconsistent coefficient means better 

effect of last combination. The last eight 

combinations are shown in Figure 6. The increase 

between 34th and 35th combination’s inconsistent 

coefficient is the largest of all, indicating that effect 

of the 34th combination is the best. Therefore, all the 

39 samples are divided to 5 groups. 

 

Clustering tree diagram of the whole process is 

shown in Figure 7. 

 

Figure 6. Inconsistent Coefficient 

 

 
Figure 6. Clustering Tree Diagram 

 

Analysis on Clustering Result Removing the third 

group with only three samples, we focus on left four 

groups and rename them. Clustering result, as shown 

in Table 4, has obvious characteristics in each group. 

Variable values of the first group are set to be the 

main condition. Other groups have some changes in 

variable. 

Vehicle Speed (km/h) 

1 2 3 4 5 

In
co

ns
ist

en
t C

oe
ffi

ci
en

t 



 

Su6 
 

  

Table 3. 

Clustering Result 

  

   Cluster Total 

Variable name  Variable value 1 2 3 4  

Pedestrian’s speed 

higher than 4km/h 

Number 
Yes 13 5 9 3 30 

No 3 2 0 1 6 

Proportion 

(%) 

Yes 81.25 71.43 100.00 75.00 76.92 

No 18.75 28.57 0.00 25.00 15.38 

Time period 

Number 
Daytime 15 6 8 0 29 

Night 1 1 1 4 7 

Proportion 

(%) 

Daytime 93.75 85.71 88.89 0.00 74.36 

Night 6.25 14.29 11.11 100.00 17.95 

Intersection or not 

Number 
Intersection 16 7 0 0 23 

Non-intersection 0 0 9 4 13 

Proportion 

(%) 

Intersection 100.00 100.00 0.00 0.00 58.97 

Non-intersection 0.00 0.00 100.00 100.00 33.33 

Pedestrian crossing 

from 

Number 

Along the road 3 0 4 2 9 

Left 13 0 3 0 16 

Right 0 7 2 2 11 

Proportion 

(%) 

Along the road 18.75 0.00 44.44 50.00 23.08 

Left 81.25 0.00 33.33 0.00 41.03 

Right 0.00 100.00 22.22 50.00 28.21 

Number and 

proportion 

Number 16 7 9 4 36 

Proportion 41.03 17.95 23.08 10.26 92.31 

 

Box plots of vehicle speed, pedestrian’s walking 

speed, distance between vehicle and pedestrian at 

TRS of four groups are shown respectively in Figure 

8, Figure 9, Figure 10 and Figure 11. 

 

Figure 8. Box Plots of Vehicle Speed 

 

 

Figure 9. Box Plots of Pedestrian’s Walking Speed 
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Figure 9. Box Plots of Distance between Vehicle 

and Pedestrian 

 

Figure 10. Box Plots of TTC 

 

Obtainment and Analysis on Typical Scenarios 

According to the result of clustering, 4 typical 

near-crash scenarios related to pedestrians at TRS are 

obtained, which cover 92.3% of the total samples. 

The 4 scenarios are shown in Table 4 

Table 4. 

Typical Near-Crash Scenarios 

 

Cluster 
Time 

period 

Cross 

or not 

Pedestrian 

crossing 

from 

Vehicle 

speed（25 

to 75 

percentil

e）km/h 

Pedestrian 

walking 

speed（25 

to 75 

percentile） 

km/h 

Distance 

between 

pedestrian 

and vehicle

（25 to 75 

percentile）

m 

1 Daytime Yes Left 22-36 5-10 14-29 

2 Daytime Yes Right 18-23 4-9 11-17 

3 Daytime No 
Along the 

road 
18-25 6-9 10-19 

4 Night No 
Along the 

road/Right 
24-37 4-12 12-22 

 

In the first and second scenarios, the location is at 

intersection in daytime. The difference between these 

two kinds is that pedestrians cross roads from 

different directions. The proportion of crossing road 

from left side is higher than that of right side. 

Presumably, Left A pillar hinders driver’s view to 

perceive pedestrians crossing from left side in 

advance. 

 

In the third scenario, the location is at normal road in 

daytime, and the pedestrian is walking along the road. 

By reviewing videos, we find that roads are usually 

narrow or sidewalks are occupied in these scenarios, 

and pedestrians have to walk on motorway and 

conflicts happen naturally. 

 

In the fourth scenarios, the location is at normal road 

at night. Pedestrian is walking along the road or 

crossing the road from right side. Similar with 

scenario 3, the situation of pedestrian’s walking 

along the road happens on narrow road. 

 

CONCLUSIONS AND DISCUSSIONS 

 

Conclusions 

1) Through qualitative analysis, the following 

conclusions could be drawn: at TRS, the number of 

the cases in which the pedestrian is crossing the road 

is about 3 times more than that of the cases in which 

the pedestrian is walking along the road. The 

condition that the driver is driving under daylight, 

good lighting and uncongested road is respectively 5 

times, 11 times, and 31 times more than driving 

under darkness, bad lighting and congested road. 

 
2) Aiming at TRS, 4 typical scenarios are obtained 

including 5 variables: time (day & night), road 

character (congested & uncongested), pedestrian 

walking direction (along the road & across the road), 

car speed and pedestrian’s travel speed. Most vehicle 

speeds are among 18-37km/h and most pedestrian’s
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 travel speeds are among 4-12km/h. 4 scenarios 

cover 92.3% of the total samples. 

 

Discussions 

1) Obstruction is not included in the cluster analysis 

as a factor in this study, since drivers have seen the 

pedestrian at TRS. Meanwhile, it is included in the 

cluster analysis as a factor in similar studies, which 

obtain test scenarios based on crash cases since the 

happening of crash is related to obstruction. This 

difference can reveal the characteristics of near-crash 

and crash. 

 
2) Unlike the previous studies, which only bring the 

average pedestrians’ travel speed into test scenarios, 

the pedestrians’ travel speed was included in the 

cluster analysis as a factor in this study, thus allowing 

more detailed information of pedestrians’ travel 

speed in the typical scenarios. 
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ABSTRACT 
 
Automated vehicles in which the driver can allow the vehicle to do all the work on certain parts of the trip 
and no longer has to monitor anything are currently being developed by many automotive manufacturers. 
When there are driving tasks that these highly automated vehicles can no longer handle, control must be 
returned to the driver. The driver must have sufficient time to take over manual control of the vehicle safely 
and easily. An empirical study was designed and conducted to find out when full physical and cognitive 
control over a vehicle was reestablished after a phase of highly automated driving. 
 
For that reason takeover scenarios and secondary tasks of varying complexity were developed and tested in a 
static driving simulator with 60 subjects aged from 20 to 76. The effect of a driver being “out of the loop” 
was analyzed, in particular. In some experimental conditions, the driver was thus completely uninvolved in 
the task of driving, and distracted by a secondary task, at the time of the takeover request. 
 
After a drive with a high level of distraction, 90 percent of the drivers looked at the road again for the first 
time after 3-4 seconds, had their hands on the steering wheel and their feet on the pedals after 6-7 seconds 
and had switched off the automated system after 7-8 seconds. However, if you look at the first glance at the 
mirror and the glance at the speedometer as indicators of awareness of the driving situation, you see that 
12-15 seconds are required. These reactions, which are required in order to understand the current traffic 
situation, are thus delayed by up to 5 seconds compared to the reactions of drivers in manual control in the 
same situation. When the reactions of monitoring drivers and drivers with the maximum level of distraction 
are compared with those of drivers in manual control, there are generally delays in all reactions. This was 
clearest in the case of distracted drivers. But even drivers who were monitoring the situation (partially 
automated driving) had delayed reactions compared to drivers in manual control. 
 
It should be noted here that the times were ascertained in a driving simulator and thus can only be 
understood as an approximation of the time required for a takeover in a real vehicle. However, more recent 
studies do indicate that times ascertained in a simulator correlate well with those in a real vehicle. It should 
also be emphasized that the takeover time alone cannot be an adequate measure of the quality of a 
takeover. The times must always be seen in connection with other measures of the quality of the takeover. 
This include the quality of the safety of the takeover and the fullness of the driver's awareness of the 
situation during the takeover. 
 
The takeover process is one of the key challenges in automated driving. It is possible to create a safe 
takeover when certain findings will be considered. 
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INTRODUCTION 

Automated vehicles in which the driver can allow 
the vehicle to do all the work on certain parts of 
the trip and no longer has to monitor anything are 
currently being developed by many automotive 
manufacturers. When there are driving tasks that 
these highly automated vehicles can no longer 
handle, control must be returned to the driver. 
The driver must have sufficient time to take over 
manual control of the vehicle safely and easily. To 
find out the time required for the safe takeover of 
manual control by a driver, takeover scenarios and 
secondary tasks of varying complexity were 
developed and tested in a static driving simulator 
with 60 subjects aged from 20 to 76. 

An empirical study was designed and conducted to 
find out when full physical and cognitive control 
over a vehicle was reestablished after a phase of 
highly automated driving. The effect of a driver 
being “out of the loop” was analyzed, in 
particular. In some experimental conditions, the 
driver was thus completely uninvolved in the task 
of driving, and distracted by a secondary task, at 
the time of the takeover request. 

It should be noted here that the times were 
ascertained in a driving simulator and thus can 
only be understood as an approximation of the 
time required for a takeover in a real vehicle. 
However, more recent studies do indicate that 
times ascertained in a simulator correlate well 
with those in a real vehicle. It should also be 
emphasized that the takeover time alone cannot 
be an adequate measure of the quality of a 
takeover. The times must always be seen in 
connection with other measures of the quality of 
the takeover. This include the quality of the safety 
of the takeover and the fullness of the driver's 
awareness of the situation during the takeover. 

In order to be able to interpret the results 
correctly, it is necessary to know the definitions of 
the automation levels. According to Gasser et al. 
(2012), highly automated driving refers to 
functionality that involves the vehicle taking 
control of both longitudinal and lateral guidance 
for a defined use case. The driver does not have to 
continuously monitor the situation. Instead, the 
driver must take over control again with a certain 
amount of time to spare when requested to do so. 
The aim of this study was to ascertain how much 
time there is to spare. Highly automated driving is 

thus clearly different from partially automated 
driving. In partially automated driving (level 2), 
the vehicle also takes control of longitudinal and 
lateral guidance, but the driver has to monitor the 
situation continuously and be able to take back 
control at any time. The next step up from highly 
automated driving is fully automated driving 
(level 4), in which the vehicle handles longitudinal 
and lateral guidance completely and continuously. 
The driver is no longer required as a fallback 
option, since in the absence of a driver takeover 
the system can put the vehicle in a status in which 
the risk of an accident is minimized. 

 

EXPERIMENTAL DESIGN 

The experimental design involved the 
independent variables “type of secondary task” 
and “type of takeover situation”. The secondary 
tasks were subdivided into four groups: The 
drivers in the “manual” group had to drive in all 
situations without any automation or secondary 
tasks. The “monitored” group had to drive with 
automation enabled and without a secondary task 
but had to monitor the the situation during 
automated driving. The two other groups had to 
drive with automation enabled and handle 
secondary tasks. These differed in terms of the 
extent to which they motivated the subjects to 
continue with them. 

Table 1. 
Experimental design with the factors “type of 

secondary task” and “type of takeover situation” 

 
 
Each subject in the experimental groups 
experienced five driving scenarios in which 
takeover situations occurred. A drive lasted 
around five minutes. The scenarios differed in 
terms of their complexity, but the course they 
took was as comparable as possible in the 
interests of facilitating analysis. A mixed 4x5 
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experimental design was developed for the groups 
and scenarios (Table 1). 

 

TAKEOVER SCENARIOS IMPLEMENTED IN THE 
DRIVING SIMULATOR 

The experiments were carried out in the static 
driving simulator of the department of 
engineering and transport psychology at the 
Technische Universität Braunschweig. The driving 
simulation was implemented using the software 
environment SILAB Version 4.0 (Krueger et al. 
2005). The driving simulator used consisted of a 
seat box with a driver seat, a passenger seat, a 
steering wheel and pedals. The simulation was 
projected onto screens by three projectors. The 
simulation also included four small monitors that 
served as the wing mirrors, rear-view mirror and 
speedometer. Driving noise, engine noise and noise 
from the surrounding traffic was output by a 
surround-sound system. Figure 1 shows the 
configuration of the simulator room. 

 

Figure 1: Configuration of the seat box and 
simulator room 

In order to design technically feasible scenarios 
for a takeover, interviews were conducted with 
experts on the basis of the latest literature on the 
capabilities and limits of automated driving 
systems (Maurer et al. 2015; Meyer and Beiker, 
2014; Ziegler et al., 2014; Aeberhardt et al. 2012; 
Hillel et al. 2014). Particular emphasis was placed 
on the question of the situations in which an 
automated vehicle could take over control of the 
vehicle and in which situations the driver would 
be requested to take over. 

Based on the replies given in the interviews, a 
typical automated vehicle was created with 
specific capabilities and limitations. According to 

these replies, in the near future automated 
vehicles in Germany will 

• Drive on the autobahn (freeway) 
• Drive in mixed traffic with automated and non-

automated vehicles 
• Only be linked to other vehicles or the 

infrastructure to a limited extent (GPS, Mobile 
Data, Car-to-X) 

• Drive at a maximum speed of 100-130 km/h 
(also includes traffic jam assistants with lower 
speeds) 

• Drive regardless of traffic density 
• Recognize all road signs 
• Recognize all other road users found on the 

autobahn 
• Be able to keep in lane and to some extent 

overtake 
• Work in good to moderate weather and road 

conditions 
• Permit to some extent the use of external 

devices and internal vehicle convenience 
functions during the drive 

• Drive in automated mode for an unlimited 
period of time (no return of control after a fixed 
period of time) 

• Reliably recognize all system limits 
• Initiate the return of control to the driver with a 

time buffer 
• Inform the driver about an imminent transfer 

multimodally 
• Bring about a risk-minimizing status (e.g. an 

emergency stop) at any time 
 
On the basis of the responses in the interviews 
and the literature, five takeover scenarios were 
developed that reflected the current system limits 
of an automated vehicle as well as possible and, at 
the same time, demonstrated different levels of 
complexity. Since the systems that will become 
available in Germany in the near future are 
initially to be used primarily on autobahns, a 
multi-lane autobahn was used as the basis of the 
simulation in all scenarios. The scenarios 
implemented for the driving simulator are 
outlined in Table 2. In scenarios M01, M02, M03 
and M05, the takeover of control was simulated 
on an autobahn with three lanes in each direction. 
In scenario M04 there were only two lanes. 

Perfect automation was assumed for this study (as 
opposed to imperfect automation as described, 
for example, in Skitka et al. 2000). This means an 
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automated system that neither issues false alarms 
nor categorizes critical situations as uncritical. The 
purpose of this study was not to investigate the 
influence of the reliability of automated systems 
on users' behavior. Consequently, the automated 
system implemented issued a takeover request 
correctly in 100 percent of cases and recognized 
all system limits correctly. 

In addition, it was specified that the automated 
system was able to make use of the full range of 
vehicle dynamics in longitudinal guidance. The 
automated system was thus able to use 100% of 
the vehicle's possible acceleration and 100% of its 
possible deceleration to cope with situations. On 
the other hand, a function that would have 
allowed situations to be defused by changing lane 
or by means of an evasive maneuver was not 
implemented. The automated system was set to 
drive at 120 km/h. During automated driving, the 
automated system kept to a distance of 60 meters 
behind any vehicles in front before a takeover 
request (TOR). In addition, a minimum distance 
between the vehicle and the vehicle in front was 
defined that was comparable to the point of no 
return defined by Strand et al. (2014). The 
automated system adhered to this for as long as it 
remained activated. The automated system 
implemented here braked hard shortly before 
reaching the minimum distance to the vehicle in 
front and thus avoided a collision. Based on the 
existing classifications for automated driving 
systems, the most suitable category for the 
system defined here is “highly automated” (as 
defined by Gasser et al., 2012). 

The automated system reported its readiness to 
take over control by means of a simple symbol 
consisting of green hands and a steering wheel. If 
the automated system was active, a blue and 
green symbol of a vehicle was displayed with an 
ellipse around it. The takeover request was 
symbolized by red hands and a red steering wheel 
accompanied by an audible warning signal, thus 
meeting the requirement to use a multimodal 
warning. 

 

Table 2: 
The takeover scenarios implemented in the driving 

simulator 

 
 

The symbols appeared in the driving simulator's 
head-up display. The pictograms used are 
explained in brief in Table 3. 

Table 3: 
Pictograms indicating the status of the automated 

system 
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SECONDARY TASKS IMPLEMENTED IN THE 
DRIVING SIMULATOR 

In order to ascertain a realistic takeover time, it 
was stipulated that the driver must take over 
control after being out of the loop as completely 
and realistically as possible. The driver was thus 
engaged in a completely different task during the 
automated drive, and the driver's awareness of 
the situation at the time of the takeover request 
was very limited. In order to engage the drivers 
visually, cognitively and in terms of movement 
and distract them from the task of driving, two 
secondary tasks were developed that appear 
realistic in the context of automated driving. 

A large number of secondary tasks have been used 
for this type of distraction during an automated 
drive. The most frequently used way of presenting 
the secondary task up to now has been on a tablet 
computer, a smartphone or a laptop. Another way 
of presenting it is on the vehicle’s human-machine 
interface (HMI). In addition, purely linguistic tasks 
have been tested, and in some studies analog 
media such as newspapers have been used. 

Two secondary tasks were defined for the study: 
The “reading” task involved reading newspaper 
articles on a tablet computer. The “playing” task 
involved playing a game on a table computer's 
touchscreen. Both tasks were categorized as 
engaging the driver visually, cognitively and in 
terms of motor activity. In the case of the 
“playing” task, it was also assumed that the game 
would be particularly engaging for the test drivers, 
thus making it more difficult for them to pull 
themselves away from it. 

 

Figure 2: Screenshot of a typical state of play in the 
selected version of the game Tetris for the 
secondary task 

A game had to meet certain requirements to be 
selected for the task. The idea was for the game 
to be as motivating and immersive as possible, 
require motor skills and be both as difficult as 
possible to interrupt and easy to learn. Tetris 
turned out to be the game that was most suitable 
as a secondary task to distract the drivers. The 
basic principle of the game is that you have to 
stack the game pieces, which fall from the top of 
the screen in different geometric shapes, in as 
space-saving a way as possible by moving and 
rotating them and forming rows of these pieces at 
the bottom of the screen without any gaps. In this 
version of the game, the pieces are moved and 
rotated by tapping and swiping the tablet 
computer's touchscreen. Complete rows without 
any gaps are automatically removed and rewarded 
with points. Incomplete rows remain. Each 
stacked piece is followed immediately by the next 
piece, increasingly filling the playing area and 
increasing the level of difficulty as the game 
progresses. Figure 2 shows the playing surface on 
the tablet computer during a typical game. 

 

EXPERIMENTAL PROCEDURE 

The subjects were initially informed about the 
planned experiment and how to use the driving 
simulator. They were then informed about the 
objectives of the study and instructed as to what 
they had to do. Particular emphasis was placed on 
adhering to the rules of the road, which in this 
case were the German Road Traffic Regulations 
(StVO), keeping to the speed limits and ensuring 
safety. It was also explained to them how the 
automated assistance system worked. They 
learned that the system could take full control of 
the vehicle but that there were driving situations 
that the vehicle couldn't handle alone. In 
accordance with the defined capabilities of the 
automated system, they were told that the vehicle 
could identify these situations with 100% accuracy 
and notify the drivers about them accordingly 
with a time buffer before the situation occurred. 
The drivers were also informed that the system 
remained active until the driver switched it off. 

In addition, the subjects were told how to operate 
the system (switch it on and off), and the system's 
status indicators were explained. A lever behind 
the steering wheel was used to switch the 
automated system on. It worked in a similar way 
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to current cruise control and ACC systems. It was 
explained that the automatic control of the 
vehicle was terminated as soon as the driver 
either operated this lever behind the steering 
wheel again or, alternatively, the brake pedal. All 
this information was provided in preparation for 
an initial training drive with the automated 
system. 

On completion of the training drive, the subjects 
were given the instructions they needed, 
depending on which experimental group they 
were in, their secondary task was explained to 
them, and they were able to practice it. The 
instructions defined the three automated 
experimental groups: the monitored, reading and 
playing groups. All of the groups with the 
automated system were to only take over control 
when the vehicle issued a takeover request. The 
manual group did not have an automated system 
available. The subjects in this group were told that 
there was an assistance system that recognized 
difficult situations and issued warnings about 
them. The warnings were issued in all situations at 
the exact point at which the takeover request was 
issued in the automated groups. 

 

DEFINITION OF THE OBJECTIVE PARAMETERS 
MEASURED 

It is essential to define the parameters to be 
measured in order to make the results 
comparable and understand how the results were 
obtained. The objective parameters in this study 
are all of the measured values obtained on the 
basis of times, driving data, simulator data, eye-
tracking data and video data. The definitions are 
particularly important for the purpose of 
reporting reaction times, since even a slight 
difference in the understanding of when to 
measure these reactions can lead to deviations in 
the interpretation of the results. 

Times of measurement and reaction times 
The existing literature was studied before setting 
the times at which the reaction times were to be 
measured. The time for starting the measurement 
period is the same in almost all studies. It is the 
moment when the takeover request is presented. 
The end of the measurement period and thus the 
critical time for the definition of the reaction time 
can be identified by means of a number of criteria 

indicating that the driver has taken over control or 
is ready to react. Petermann-Stock et al. (2015) 
define four classes of reactions during the 
takeover. These classes are used here to arrange 
the times of measurement operationalized in the 
previous studies: orientation reaction, readiness 
to act, action and vehicle stabilization. 

The most frequent operationalizations for the 
orientation reaction are looking up from the 
secondary task after an automated drive (e.g. 
Petermann-Stock et al., 2015) and looking at the 
road (e.g. Damböck, 2013; Gold et al., 2013a). For 
the purpose of this study, the reaction time for 
“looking at the road” was defined as the period 
between the presentation of the takeover request 
and the first glance at the middle of the vehicle's 
lane. The eye movements in the study were 
tracked using the Dikablis eye-tracking system 
(Lange, 2005), which has a tracking frequency of 
50 Hz. 

The reaction time for “readiness to act” has most 
often been defined on the basis of either touching 
or grasping the vehicle's controls (e.g. initial 
contact with the steering wheel (Petermann-Stock 
et al., 2015; Zeeb et al., 2015); hands on the 
steering wheel (Damböck, 2013; Lorenz et al., 
2014; Naujoks et al., 2014)). In accordance with 
these definitions of readiness to act, it was 
assumed in this study that drivers were able to 
intervene in the situation or take over control as 
soon as they grasped the steering wheel with at 
least one hand. An additional measure used to 
indicate readiness to act in this study was the time 
at which the driver's foot touched the accelerator 
or brake pedal. Both hand and foot movements 
were recorded using cameras (25 frames per 
second). 

There were bigger differences between the 
previous studies in terms of how they defined the 
time of measurement to indicate that action had 
been taken. Accordingly, criteria were defined in 
this study for an initial action after a takeover 
request. The time at which the automated system 
was switched off was defined as the operation of 
the lever to switch it off or the initial reaction on 
the brake pedal (brake pedal position > 0). A brake 
reaction was defined as operating the brake pedal 
by more than 10 percent in order to distinguish 
this reaction from merely tapping the brake pedal 
to switch the automated system off after a 
takeover request. For the eye reactions in this 
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class of reactions, the times at which the driver 
looked at the wing mirror or the speedometer for 
the first time were recorded. These values were 
recorded analogously to the glance at the road 
using the eye-tracking system. In order, like 
Lorenz et al. (2014) to get indications of the 
behavior of the drivers after a takeover request, 
the types of reactions to the takeover request 
were classified as “no reaction”, “braking”, 
“steering and braking”, “switching off the 
automated system using the lever” and “steering 
only”. 

Driving data 
A number of different measures have also been 
used in previously published studies for vehicle 
stabilization. These are described below. A wide 
range of driving data that can indicate the 
behavior of the drivers during and after a takeover 
is often used to describe the stabilization of the 
vehicle after a takeover request. 

In this study, both average values and absolute 
criteria were defined on the basis of which the 
quality of the takeover after a takeover request 
and after the event was to be evaluated in the 
different scenarios. The speeds selected during 
and after the takeover situation, the intensity of 
the braking reaction, the distance from the vehicle 
in front and the maximum acceleration in 
longitudinal and lateral directions were recorded 
in relation to average values over a period. 
Collisions with the surrounding traffic were 
analyzed and critical events defined as absolute 
criteria for the assessment of a takeover. Sharp 
braking, defined as a combination of high braking 
pressure and high deceleration, stopping the 
vehicle in a scenario (speed < 10 km/h) and 
interventions of the automated system to take 
control (initiating the risk-minimizing status) were 
counted as critical events. 

 

SUBJECTS 

The driving simulator study was conducted in 
August 2015 with 60 subjects aged from 20 to 76. 
22 of the people in this random sample were 
female, and 38 were male. The participants in the 
study had held a driving license for an average of 
18 years. Half of the participants said they drove 
less than 9,000 kilometers a year. The other half 
said they drove more than that annually. 26 

participants said they had experience of using 
assistance systems that provide longitudinal 
guidance (cruise control systems, ACC systems, 
emergency brake assist systems), and 17 people 
said they had experience of using assistance 
systems that provide lateral guidance (lane-
keeping assist systems, lane-departure warning 
systems, lane-change assist systems, blind-spot 
warning systems). 38 people in the sample had 
already used a driving simulator once (5 people) 
or more than once (33 people). 

 

RESULTS: REACTION 

The figures 3 to 8 show the reactions of the 
individual subjects to a takeover request (TOR). 
The x-axis represents the time that elapses after a 
takeover request. The y-axis shows the 
percentage of test drivers in this group who had 
shown the reactions displayed by the relevant 
point in time. Figure 4, for example, can be read 
as follows: About 2.5 seconds after the takeover 
request, about 90 percent of the test drivers in 
the “monitored” group had their hands on the 
steering wheel again. Some further descriptive 
statistical measures can be derived from these 
charts. The steepness of the curves represents the 
distribution of the reactions over time. A very 
steep curve thus means a low level of distribution, 
whereas a flat curve indicates a high level of 
distribution. Plateaus in the curves can be an 
indication that the sample is subdivided into 
different groups in terms of their behavior. 

 

Figure 3: Reactions of the subjects in terms of their 
first glance at the road 
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Figure 4: Reactions of the subjects in terms of 
“hands on the steering wheel” 

 

Figure 5: Reactions of the subjects in terms of “feet 
on the pedals” 

 

Figure 6: Reactions of the subjects in terms of 
switching off the automated system 

 

Figure 7: Reactions of the subjects in terms of their 
first glance at the mirror 

 

Figure 8: Reactions of the subjects in terms of their 
first glance at the speedometer 

In some of the charts, time periods are 
highlighted. They show the periods within 90% of 
the drivers distracted by a very engaging, 
motivating and challenging secondary task 
(“playing”) showed the relevant reaction. 

 

SUMMARY OF THE RESULTS AND 
RECOMMENDATIONS 

After a drive with a high level of distraction, 90 % 
of the drivers looked at the road again for the first 
time after 3-4 seconds, had their hands on the 
steering wheel and their feet on the pedals after 
6-7 seconds and had switched off the automated 
system after 7-8 seconds (see Figure 3-6). 
However, if you look at the first glance at the 
mirror and the glance at the speedometer as 
indicators of awareness of the driving situation, 
you see that 12-15 seconds are required (see 
Figure 7 and 8). These reactions, which are 
required in order to understand the current traffic 
situation, are thus delayed by up to 5 seconds 
compared to the reactions of drivers in manual 
control in the same situation. Part of this period 
could be saved if drivers in a takeover situation 
did not have to put down an external device (e.g. 
a smartphone or tablet computer). 

There were very large differences between the 
drivers for all these reactions. Some drivers 
showed much quicker reactions. However, there 
were also some drivers who took longer to react 
than the times specified above. After some drivers 
took over control again, collisions or critical 
driving situations occurred. However, this also 
occurred to a similar extent in purely manual 
driving. These situations could have been avoided 
by means of suitable assistance functions (e.g. an 
emergency brake assist system). Assistance 
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functions should therefore also be available after 
takeover by the driver in order to help the driver 
and prevent incorrect reactions. 

The braking reactions to a critical event 
immediately after the takeover request were not 
delayed in the groups with the automated system 
compared to the group of manual drivers. In 
addition, the distances from the vehicles in front 
were not shorter in the groups with the 
automated system than in the group of manual 
drivers. The somewhat lower speeds driven by 
strongly distracted people after the takeover 
request indicate a more cautious approach to 
driving after the takeover. 

The type of takeover situation itself seems to have 
only a slight impact on the reactions. On the other 
hand, stronger positive involvement in the 
secondary task, making it more difficult to 
interrupt, resulted in slight delays, particularly in 
the initial steps of the takeover. 

The automated system used was able to control 
the vehicle safely even after issuing the takeover 
request until the driver took over control. This 
included correctly staying in lane, selecting the 
correct speed, keeping a minimum distance from 
the vehicle in front and, if necessary, stopping 
before an obstacle. If the driver did not take over 
within 10 seconds, the automated system stopped 
the car (“risk-minimizing status”). The fact that 
this was in some cases necessary shows that 10 
seconds is not enough for some drivers to ensure 
a safe takeover and is a further indication of the 
necessity of supporting assistance systems after 
the takeover request as well. 

When the reactions of monitoring drivers and 
drivers with the maximum level of distraction are 
compared with those of drivers in manual control, 
there are generally delays in all reactions. This 
was clearest in the case of distracted drivers. But 
even drivers who were monitoring the situation 
had delayed reactions compared to drivers in 
manual control. If you apply this finding about the 
behavior of the driver monitoring the situation to 
partially automated driving, it is clear even after 
an automated drive of five minutes that it is 
necessary to consider the findings when designing 
partially automated driving functions.

Prerequisites for a safe takeover 
The following points summarize the prerequisites 
for the safe takeover of manual control after a 
highly automated drive: 

• The driver is notified as early and clearly as  
possible of the necessity of taking over control. 

• If at least 90 percent of drivers are to be able to 
react correctly, the takeover period must last 
longer than eight seconds. In this period, a 
vehicle moving at a speed of 120 km/h travels 
about 267 meters. 

• The automated system must remain active 
during the takeover process until the driver has 
clearly signaled readiness to take over control. 

• If the takeover doesn't happen, the automated 
system must be able to bring about a risk-
minimizing status appropriate to the situation. 

• The vehicle identifies 100 percent of all 
situations that result in transfer of control to the 
driver early enough to ensure the driver has 
time to take over. 

 

Further recommendations for a safe takeover 
A safe and convenient takeover of manual control 
after a highly automated drive by the driver could 
be facilitated by certain measures: 

• The automated system should provide 
comprehensive but succinct information on the 
current situation to facilitate the development 
of an awareness of the situation after an 
automated drive. 

• Increased readiness of the vehicle to assist after 
the driver takes over control could help prevent 
inappropriate reactions on the part of the driver 
(e.g. the prevention of unnecessary emergency 
braking or evasive maneuvers). 

• A cascade of different types of warnings can 
indicate the urgency of the situation to the 
driver and ensure the warning is noticed. 

• Drivers could be instructed specifically about the 
capabilities and limitations of automated driving 
systems, thus ensuring appropriate reactions in 
the event of a takeover and preventing the 
automated system from being switched off too 
early. 
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OUTLOOK 

A second study regarding the influence on sleep 
deprivation and the duration of an automated 
ride based on the study design described above 
was conducted and will be published soon. First 
results indicate that drivers in cars with high 
levels of automation are not able to stay alert 
to their surroundings during extended periods 
of automated driving without secondary tasks. 
This effect seems to be especially pronounced 
with sleep deprived drivers, but it is also 
present with drivers without sleep deprivation 
after longer periods of automated driving. 

For a comprehensive assessment of the 
“takeover” challenge the role of secondary 
tasks with regard to sleepiness and driver 
(fatigue) monitoring during longer periods of 
automated driving should be considered. 
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ABSTRACT 
 
This study focused on response corridors used to evaluate the biofidelity of the lower limbs of whole-body 
pedestrian dummies. Specifically, corridors for the thigh and the leg were investigated. The three-point bending 
tests of horizontally placed specimens of the thigh and the leg in past studies exhibited sagging flesh caused by 
gravity. This resulted in unrealistically thin flesh on the loaded side. This study investigated a methodology to 
eliminate the influence of the sagging flesh to develop more realistic corridors. The initial toe region of the force-
deflection response from the experiment was eliminated from the test results to diminish the influence of unrealistic 
flesh thickness. Due to the difference in stiffness, the flesh would bottom out upon initiation of major bone 
deflection. The assumption was made that the magnitude of the force applied at the beginning of this phase is 
independent of flesh thickness. Dynamic three-point bending simulations were conducted using thigh and leg FE 
models with the flesh thickness varied to validate the assumption. In addition, existing experimental data were re-
examined to determine the initiation of major bone deflection, and to calculate the magnitude of applied force at the 
same timing. Furthermore, full-scale car-pedestrian impact simulations were conducted using a human FE model 
with various flesh thicknesses to clarify the influence of the initial toe region of the force-deflection response. The 
corridors were then developed using the data after the applied force reached a specific value determined in this 
study. The results of three-point bending simulations with various flesh thicknesses showed that the magnitude of 
applied force at the initiation of major bone deflection was fairly constant, at approximately 2000 N and 1500 N for 
the thigh and the leg, respectively. These values were found to eliminate the initial toe region from the experimental 
data, while maintaining the stiffness of the subsequent region that is not influenced by the initial thickness of the 
flesh. The full-scale impact simulations showed that the peak values of the femur and tibia bending moments were 
not significantly influenced by the flesh thickness. 
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INTRODUCTION 

In Japan, the number of car occupant fatalities has 
decreased by approximately 50% from  2005 to 
2015.  In contrast, pedestrian fatalities have 
decreased by only approximately 30% in the same 
term. In addition, pedestrians accounted for the 
largest proportion of traffic accident fatalities after 
2008 [1]. In order to further reduce the number of all 
traffic fatalities, it is necessary to reduce the number 
of pedestrian fatalities. Although the safety 
performance for pedestrian was improved by using 
subsystem tests representing individual body regions 
of a pedestrian in new car assessment programs 
(NCAPs) and regulations, the whole-body of a 
pedestrian wraps around the vehicle surface in actual 
accidents. The complexity of the behavior of a 
pedestrian in actual car-pedestrian accidents does not 
allow the subsystem test procedure to clarify the 
mechanism of injuries to a pedestrian. In order to 
enlarge the cover range of pedestrian safety 
technologies, the detailed investigation for the 
mechanism of car-pedestrian accidents is needed. The 
investigation using a pedestrian dummy has been 
conducted as one of  the ways to develop further 
understanding of real-world pedestrian accidents.  In 
order to validate the results of such a study, the 
biofidelity of the dummy needs to be confirmed. To 
address this issue, the performance specifications for 
a whole-body pedestrian dummy are needed. 
Experiments using PMHSs (Post Mortem Human 
Subjects) have been conducted in order to create 
corridors to be used for performance requirements of 
a pedestrian dummy. Iversson et al. created force-
deflection corridors for the thigh and the leg from the 
results of latero-medial dynamic three-point bending 
tests of horizontally placed specimens. As they 
conducted three-point bending tests by cutting the 
proximal and distal ends of the flesh, the flesh was 
sagged due to gravity and the dissection of the flesh 
at the proximal and distal ends. For this reason, the 
flesh thickness was thinner than that of a pedestrian 
involved in a real-world pedestrian accident. 
However, the effect of the flesh thickness on the 
force-deflection curve of three-point bending is 
unknown. In addition, the effect of the flesh thickness 
on the injury measures in a full-scale car-pedestrian 
impact is also unknown. The goal of this study is to 
develop new corridors of the thigh and the leg by 
considering the influence of the sagging flesh. 

 
METHOD 
In a three-point bending test, the force from the 
indentor is applied to the bone via the flesh. In this 
study, we assumed that the flesh thickness does not 
influence the magnitude of the force at the initiation 
of the major bone deflection.  

 

Assumption for Development of New Thigh/leg 
corridors  

Due to the significant difference in stiffness between 
the bone and the flesh, it can be assumed that the 
flesh would bottom out upon the initiation of major 
bone deflection. In this study, that the following 
assumptions were made: 
1. Force-deflection curves of the thigh and the leg 

can be divided into two regions using the 
magnitude of the impactor force at the initiation 
of the major bone deflection (hereafter called 
Fbone). The stiffness of the initial toe region is 
primarily determined by the flesh, and the 
stiffness of the subsequent region is primarily 
determined by the combination of the bone and 
the bottomed out flesh. 

2. Fbone is independent of the flesh thickness. 
When the force-defection curves of the three-point 
bending with several different flesh thicknesses are 
shifted in deflection by aligning the deflection at 
Fbone, the force-deflection curves would be similar 
after the initiation of major bone deflection (Figure 
1). If this assumption applies, the corridors can be 
developed by using the region after reaching Fbone. 
The assumptions of this study were validated using 
the following steps: 

1. Fbone of the thigh and the leg is calculated by 
means of FE simulations in dynamic three-point 
bending using the thigh and leg models with the 
flesh thickness varied to confirm that Fbone is not 
influenced by the flesh thickness. 

2. Fbone calculated from the simulations was 
compared with the PMHS test results. 
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Figure 1. Assumption for Creating Thigh and Leg 
Corridors. 

 

Validation of Assumption by Simulations 

In order to validate the assumption shown in Figure 
1, three-point bending simulations of the thigh and 
the leg were conducted by using the FE models for 
the thigh and the leg developed by Takahashi et al. 
[3][4]. These models were extensively validated 
against experimental data. The thigh and the leg 
model were subjected to latero-medial three-point 
bending at the deflection rate of 1.5 m/s. Both sides 
of the bones were fixed to the roller jig. The bending 
span length was set at 404 mm for the thigh test and 
334 mm for the leg test to simulate the PMHS tests 
presented by Ivarsson et al. [2]. The simulations were 
conducted with the flesh thickness varied to 
investigate the influence of the flesh thickness on the 
stiffness before/after the initiation of the major bone 
deflection. The flesh thickness of the middle points of 
the thigh and the leg was defined as the distances 
from the surface of the skin to that of the femur/tibia 
on the impact side. In this study, two models 
(Component Model A and B) were developed by 
modifying the flesh thicknesses of the models 
developed by Takahashi et al. In order to investigate 
the effect of the flesh thickness, the material 

properties and the dimension of the bones were the 
same in the two models. 

 

Component Model A : Flesh thicknesses of the thigh 
and the leg were the same as those of the original 
models. The flesh thicknesses of the middle points of 
the thigh and the leg were 46 mm and 43 mm, 
respectively. 

Component Model B : The average thicknesses of the 
sagged specimens were estimated from the PMHS 
test results conducted by Ivarsson et al. (Thigh: 31 
mm, Leg: 32 mm) [2].  

Fbone was defined by using following steps (Figure 2): 

Step 1. The flesh thickness time histories (hereafter 
called Curve 1) were obtained from the FE 
simulations. The regression lines (hereafter called 
Line 1) were determined by using the initial liner 
region of the flesh thickness time history. 

Step 2. The timing of the diverging point between 
Curve 1 and Line 1 (hereafter called Tbone) was 
determined. The diverging point was defined as the 
point that the difference between Curve 1 and Line 1 
in thickness direction was over the peak difference in 
initial linear phase.   

Step 3. Fbone defined as the force at the timing of Tbone 
was determined from the force time histories of the 
three-point bending simulations. 

 
Figure 2. Method for calculation of Fbone 
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Validation of Fbone from the simulations against 
PMHS Test Results 

Since Fbone from above was calculated by using only 
the results from the three-point bending simulations 
of the thigh and the leg, it is necessary to confirm that 
Fbone determined from the simulations is consistent 
with the PMHS test results conducted by Ivarsson et 
al. However, the flesh thickness time history in the 
PMHS test was unknown. If Fbone from the 
simulations is appropriate to determine the initiation 
of the major bone deflection, the impactor force from 
the PMHS tests at the timing when the flesh 
deflection (impactor displacement) equals to the flesh 
thickness should be not be greater than Fbone, because 
the major bone deflection should occur before Fbone. 
The impactor force from the PMHS tests at the 
timing when the flesh deflection equals the flesh 
thickness was compared with Fbone determined from 
the results of the three-point bending simulations. 

Influence of Thigh/Leg Flesh Thickness on Injury 
Measure 

It is necessary to investigate the influence of the flesh 
thickness on injury measures in full-scale car-
pedestrian impact simulations in addition to 
component simulations in order to make sure that the 
corridors with the initial toe region eliminated to 
define requirements that ensure that the dummy is 
capable of predicting peak values of injury measures 
comparable to those of a human. Full-car models 
were made to collide with the full-body human FE 
model at 40 km/h. The human FE model developed 
and validated by Takahashi et al. was used. This 
human model represents the 50th percentile male 
size. In addition, the lower limb of this model 
was extensively validated. The flesh thickness of 
the original model representing a pedestrian in a 
standing position should be the maximum 
without the influence from the gravity. In 
contrast, the flesh thickness in the condition of 
the three-point bending test should be the 
minimum due to the gravity. For this reason, 
three different flesh thicknesses (Whole-Body 
Model A, B and C) were used as shown below. 

Whole-Body Model A : Flesh thicknesses of the 
thigh and the leg were not changed from the original 
model. The flesh thicknesses of the middle points of 

the thigh and the leg were 46 mm and 43 mm, 
respectively. 

Whole-Body Model B : The flesh thicknesses of the 
thigh and the leg were the same as those of  
Component Model B that represented the flesh 
thicknesses of the specimens used in the PMHS tests. 
The flesh thicknesses of the middle points of the 
thigh and the leg were 31 mm and 32 mm, 
respectively. 

Whole-Body Model C : The flesh thicknesses of the 
thigh and the leg were the averages of Whole-Body 
Model A and B. The flesh thicknesses of the middle 
points of the thigh and the leg were 39 mm and 38 
mm, respectively. 

The maximum values of the tibia and femur bending 
moments measured at multiple locations were 
compared (Figure 3). The dimensions of the front-
end of the cars affect the injury measures, because 
the input conditions from a car to a pedestrian are 
significantly influenced by the dimension of a car. 
Thus, 6 car models (4 sedan, 1 SUV, 1 Minivan) 
were used in this study (Figure 3). The car models 
represented all the front-end components relevant to 
interaction with a pedestrian up to the peak of the 
femur and tibia bending moments. The total mass of 
the car models was adjusted with a lumped mass 
rigidly connected to the rear section of the car model. 
The full-body human FE models were collided with 
the center of these car models laterally from the left. 

 
 
Figure 3. Measurement locations of tibia and 
femur bending moments and car FE models 
used for full-scale impact simulations. 

Development of Modified Thigh/Leg Corridors 

The corridors for the thigh and the leg were created 
by using the data from the three-point bending PMHS 
tests conducted by Ivarsson et al. and Fbone 



Asanuma 

determined in this study. Force-deflection curves of 
the individual test data were shifted in deflection so 
that the deflection at Fbone equals to zero. The leg 
corridor used in the current SAE J2782 was created 
by considering 1SD of both the force and the 
deflection [5]. However, in the three-point bending 
tests, the displacement time history of the ram was 
controlled by a servo-hydrodynamic test machine. 
Therefore, the deflection can be interpreted as an 
input, not a response. For this reason, it was decided 
to incorporate variability (1SD) of the force only 
when determining the upper and lower limits of the 
corridor. 

RESULTS 

Validation of Assumption by Simulations 

Figure 4a shows the time histories of the impactor 
force and the flesh thickness from the three-point 
bending simulations of the thigh and the leg. As the 
results of the simulations of the thigh, Fbone of 
Component Model A and B were 1917 N and 2161 N, 
respectively. There results were rounded and Fbone 

was defined at 2000 N. In the leg simulations, Fbone of 
Component Model A and B were 1559 N and 1311 N, 
respectively. There results were rounded and Fbone 
was defined at 1500 N. 

Validation of Fbone from the simulations against 
PMHS Test Results 

Figure 4b shows the forces for the 5 thighs and 11 
legs from the PMHS test results at timing when the 
deflection (impactor displacement) equals to the flesh 
thickness. As the results of the PMHS tests, the 
forces of the thigh and the leg from the PMHS test 
results at the timing when the deflection equals to the 
flesh thickness were not the same. The average force 
of the thigh from PMHS tests was not greater than 
2000 N. Similarly, the test results of the leg showed 
that the average force of the leg from the PMHS tests 
were not more than 1500 N.  

Influence of Thigh/Leg Flesh Thickness on Injury 
Measure 

Figure 4c shows the femur and tibia bending moment  
time histories from the car-pedestrian collision 
simulations. Although the femur and tibia bending 
moments were measured at three and four locations, 

respectively, the results for the location that showed 
the maximum moment were only shown. In all car 
models, the femur and tibia bending moment time 
histories showed that the peak values and their 
timings were almost the same for the three models 
with different flesh thicknesses.  
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Figure 4. Results from calculation and validation of 
Fbone 

Development of Modified Thigh/Leg Corridor 

Considering the results from the FE simulations and 
the PMHS tests, the force-deflection corridors were 
developed from PMHS tests data by using 2000 N 
(thigh) and 1500 N (leg) for Fbone. Figure 5 shows the 
force-deflection corridors of the thigh and the leg in 
three-point bending developed in this study. 

 

 

 

 

 

 

 

 

 

Figure 5 Force-deflection corridors of the thigh and 
the leg 
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DISCUSSION 

In this study, the thigh and the leg corridors were 
created by eliminating the initial toe region area due 
to the lack of data for the flesh thickness before 
sagging. The average slope of the corridors for the 
thigh and the leg were 200 N/mm and 125 N/mm. 
Kerrigan et al.  conducted the femur and the tibia 
(without flesh) three-point bending tests with the 
same condition as the thigh and the leg (with flesh) 
[6]. The stiffness of the bare bones was calculated 
using the results from Kerrigan et al.  . As the results 
from bare bone tests, the stiffness of the femur and 
the tibia were 300 N/mm and 185 N/mm, respectively, 
showing that the stiffness with flesh was lower than 
that of the bare bone. This suggests that the stiffness 
of both the bare bone and the bottomed out flesh 
were incorporated into the corridors developed in this 
study.  

In the current SAE J2782, the force-deflection 
corridor of the leg is defined. The corridor was taken 
from Ivarsson et al. without eliminating the initial toe 
region of the force-deflection response. Figure 6a 
compares the corridor of the leg in this study with 
that in SAE J2782. The corridors in this study were 
created by eliminating the initial toe region, and the 
width of the corridor in this study was smaller than 
that in SAE J2782 (Figure 6). In the three-point 
bending in different flesh thicknesses, the stiffness 
above Fbone should not be the same, because the 
thickness of the flesh corresponding to Fbone is not  
the same due to the difference in initial thickness. In 
order to compare the stiffness above Fbone for 
different initial flesh thickness, ｔhe force-defection 
curves from the three-point bending simulations of 
the thigh and the leg using FE models with different 
initial flesh thickness were shifted in the direction of 
deflection so that the deflection at 2000 N/1500 N 
was zero (Figure 7). As shown in Figure 7, the 
stiffness above Fbone is almost the same. This suggests 
that the influence of the initial thickness of the flesh 
on stiffness is predominant in the initial toe region, 
while it is minimal in the region above Fbone. The fact 
that that only a small amount of difference was 
identified in the peak bending moment from the full-
scale car-pedestrian impact simulations with different 
initial flesh thickness would also support this 
assumption.  

 

 
 
Figure 6 Comparison between original and 
modified leg corridors. 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 7 The force deflection curves shifted so that 
the deflection of the Fbone are equal to zero. 

Fbone from the three-point bending simulation was 
larger than the forces from PMHS test results at the 
timing when the deflection (impactor displacement) 
equals to the initial sagged flesh thickness. The 
material property of the flesh model was defined by 
using the results of volunteer tests [7], not PMHS 
tests. It is possible that the flesh stiffness of the FE 
model was larger than that of PMHS due to the 
effects of freezing, thawing and cutting of the flesh of 
PMHS.Even though the influence of the initial 
thickness of the flesh would be limited to the initial 
toe region, the influence of the stiffness of the flesh 
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would significantly affect the stiffness after the toe 
region.. 

 

CONCLUSIONS 

In order to investigate the effect of sagged flesh of 
the thigh and the leg, three point bending simulations 
were conducted by changing the flesh thickness. As 
the results of simulations, it was found that the 
magnitude of force at the initiation of major bone 
deflection is not influenced by the flesh thickness 
(constant force magnitude at: 2000 N for the thigh, 
1500 N for the leg). of the results of the full-scale 
car-pedestrian impact simulations with different flesh 
thicknesses showed that the peak values of the femur 
and tibia bending moments were not influenced by 
the initial thickness of the flesh. These results suggest 
that the influence of the sagged flesh can be 
eliminated by focusing on the stiffness after the 
initial toe region where the stiffness is primarily 
governed by the fhesh.  
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ABSTRACT 
The purpose of this study was to use detailed medical information to evaluate lower extremity fractures of obese 
patients in real world frontal crashes. In this study, we used analytic morphomics to understand the effect of 
abdominal and hip body shape on lower extremity fracture for occupants in frontal crashes. Analytic morphomics 
extracts body features from computed tomography (CT) scans of patients. Lower extremity fractures were examined 
in front row occupants involved in frontal crashes from the International Center for Automotive Medicine (ICAM) 
database. Among these occupants, two BMI groups (BMI < 30 kg/m2 [Nonobese] and BMI ≥ 30 kg/m2 [Obese]) 
who suffered from severe lower extremity fractures (AIS2+) were analyzed. The severity of lower extremity fracture 
was compared between the groups. Regression analyses were conducted to investigate fracture outcomes 
considering variables including those for vehicle, demographics, and morphomics.  
Compared to the nonobese group, the obese group sustained more lower extremity fractures. Logistic regression 
models were fitted with different configurations of variables predictive of the summation of injury severity score of 
lower extremity fractures AIS (LEXAIS). The model developed based solely on vehicle data (Scenario 1) had an 
area under the receiver operating characteristic curve (AUC) of 0.72. When demographic data was combined with 
vehicle data (Scenario 2), the model prediction improved to an AUC of 0.75. The AUC associated with vehicle and 
morphomics data (Scenario 3) was increased to 0.78 and increased to 0.79 when combining vehicle, demographic, 
and morphomics variables (Scenario 4). The important morphomics variable was vertebra-to-front skin which 
represents fat thickness in the anterior trunk. BMI was important when combined with the vehicle and demographic 
variables as well. However, morphomics variables such as fat distribution can be precisely adjusted in a finite 
element human body model or anthropomorphic testing device to represent occupants of different body shapes and 
sizes and are thus more valuable in assessing injury during vehicle crashes. The current results for fat distribution 
can highlight the importance of considering these morphomic characteristics when assessing lower extremity injury 
and creating obese models.  
Morphomic data, specifically vertebra-to-front skin, showed a strong association in the severity of lower extremity 
fractures among obese patients in frontal crashes. These data are useful measurement that can be provided in human 
models to assess occupant response. 
 
INTRODUCTION 
According to the Centers for Disease Control, more 
than one-third (36.5%) of US adults are obese [14]. 
The trends in US adult obesity have increased every 
year from 1999-2014. One recent study [7] stated that 
while numbers seem to be currently leveling off, by 
2030, 42% of US adults could be obese.  
Based on several studies which examined the 
relationship between body habitus and injury rate or 
fatality grounded in the crash data, the consequence 
of obesity related to motor vehicle crashes is 
problematic. Mock et al. [13] found that obese 
occupants were more at risk of fatal injuries 

compared to nonobese occupants. Zhu et al. [27] 
showed that obese male drivers were more likely to 
die due to their injuries than obese female drivers and 
found an increased risk for death with increasing 
BMI. Viano et al. [22],[23] concluded that obesity 
influences the risk of serious and fatal injury in motor 
vehicle crashes (MVCs). These studies suggest that 
while the 50th percentile male is best protected in the 
current vehicle fleet, occupants whose bodies differ 
from that baseline are at greater risk for injury or 
death. 
Obesity may also affect the distribution of body 
regions injured in MVCs. Boulanger et al. [4] 
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reported that the obese were more likely to have rib 
fractures, pulmonary contusions, pelvic fractures, and 
extremity fractures and less likely to receive head 
trauma and liver injuries. Austin et al. [3] studied the 
correlation between intrusion and lower extremity in 
frontal crash and reported that the drivers with higher 
BMIs are more likely to experience lower extremity 
injuries than those with lower BMIs. A group of 
investigators [8],[10],[11] conducted laboratory test 
that simulated frontal impact crashes with mid-sized 
and obese post-mortem human subjects (PMHS) to 
understand the potential injury mechanisms by the 
kinematics of subjects. The authors documented the 
crash mechanics in depth and noted that obese 
occupants experienced greater excursion of lower 
extremities which increases the risk of a hard contact 
and resulting injury. 
In previous work at ICAM, Arbabi et al. [2] and 
Wang et al. [24] noted an increase in lower extremity 
injuries and fewer abdominal injuries for obese 
occupants when compared to their lean counterparts. 
These results led to the hypothesis that not all regions 
of the body sustain severe injuries as a result of 
obesity and highlight the potential importance of 
body size and composition in influencing injury 
severity. Analytic morphomics was developed by 
ICAM to objectively measure body geometry and 
composition. Parenteau et al. [15],[17] used analytic 
morphomics to measure body shape and size for all 
patients. That study showed that torso and abdominal 
body shape changes were associated with altered 
serious abdominal injury risk. Wang et al. [26] 
identified additional morphomic factors that were 
predictive of injury risk in MVCs. Based on these 
previous findings, this study uses analytic 
morphomics to analyze potential mechanisms of 
lower extremity fracture for obese occupants in 
frontal crashes.  
Analytic morphomics extracts body geometry and 
composition data from computed tomography (CT) 
scans of people involved in vehicle crashes. Based on 
these images, the features of body shape, such as 
body width/depth, fascia area, subcutaneous fat area, 
dorsal muscle groups, vertebra-to-front skin, spine-
to-back skin, cortical bone density, trabecular bone 
density, and pelvis width/height were measured. This 
morphomics data was combined with crash and 
medical data to analyze lower extremity fractures in 
obese occupants using a logistic regression model. 
 
METHOD 
 
Crash Database 
In this study, the crash data from the ICAM database 
for calendar year 1996 to 2016 was used to evaluate 
the pattern of lower extremity fractures for obese 

occupants in frontal crashes. Inclusion criteria for the 
current study were based on the following vehicle 
and crash parameters: the general area of damage of 
highest location was frontal (Collision Deformation 
Code: CDC_3=F) and the principal direction of force 
(PDOF) was between 11 to 1 o’clock. In cases with 
multiple impacts, only the primary impact was 
considered. Vehicles that sustained a non-horizontal 
event, such as a rollover, were excluded. Occupant 
inclusion was based on the following criteria: older 
than 15 years and seated in the right or left front 
outboard seating position, an Abbreviated Injury 
Score (AIS) of each body region, and available CT 
scans. The vehicle data included:  
 Crash severity: Change in vehicle velocity (delta 

V), miles per hour or barrier equivalent speed 
(BES), miles per hour. 

 Intrusion: The longitudinal intrusion in the lower 
floor including toe pan, foot control, and knee 
bolster; centimeters 

 Belt use: Belt restraint condition were 
categoriesed into two: belted or unbelted. 

 Body Mass Index (BMI): Calculated by dividing 
the patient’s mass in kilograms by the square of 
his or her height in meters 

 Length of Stay (LOS) : Length of stay at the 
hospital in days 

 
Severity of Lower Extremity Fracture 
Severity of lower extremity fracture was assessed 
using AIS coding. In the ICAM data collection 
system, medical records are examined to find all 
lower extremity fractures as well as side of fractures 
(left or right) previously identified by a board-
certified radiologist; all injuries were coded by the 
ICAM team using AIS2005 [1]. The Maximum 
Abbreviated Injury Score (MAIS) of lower extremity 
region (MAISLEX) was assessed separately for each 
occupant.  
Lower extremity fractures in this analysis were 
categorized with AIS coding. Using this 
categorization, lower leg fractures involve the foot 
(AIS code prefix 857***, 858***) and the leg below 
the knee (AIS code prefix 8540**, 8541**, 8542**, 
8543**, 8544**); upper fractures involve the knee 
(AIS code prefix 8545**), thigh (AIS code prefix 
853***) and the acetabulum fracture (AIS code 
prefix 8562**) for pelvis. The major hip injuries for 
the occupant in frontal crash were acetabulum 
fractures which occur from a Knee-Thigh-Hip 
(KTH) loading path [20],[21]. Therefore, we only 
included acetabular fractures rather than all pelvic 
fractures in this analysis. In addition, the location of 
lower extremity fractures for the passenger side was 
mirrored to the opposite side and these were 
categorized as inboard (driver’s right side) or 
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outboard (driver’s left side), in order to combine 
driver and passenger data. Since AIS represents the 
assessment of life-threatening injuries at the time of 
first medical evaluation, the severity of lower 
extremity fractures measured on AIS may not fully 
reflect the long-term consequence of lower extremity 
injuries [19]. For this reason, the summation of 
injury severity score of lower extremity fractures 
AIS (LEXAIS) was proposed to assess in this study 
for each occupant to represent the severity of lower 
extremity fracture. Compared to the MAISLEX, the 
summation of skeletal injuries considers the number 
of the lower extremity fracture locations as well as 
injury severity. 
 
Analytic Morphomic 
Analytic morphomics processing was performed 
according to the methods previously described 
[9],[12],[16] and results from each individual was 
placed in the context of the Reference Analytic 
Morphomics Population (RAMP) [18]. The 
University of Michigan Internal Review Board 
approved the use of the standard CT scans available 
for each occupant for this study (HUM00043599 and 
HUM00041441). CTs were obtained from the 
University of Michigan radiology archive. The scans 
were processed semi-automatically using custom 
algorithms written in MATLAB 2015a (The 
Mathworks Inc., Natick, MA, USA). By using semi-
automated processing of CT scans, analytic 
morphomics measures detailed geometry and 
material characteristic for tissue, organ, and bone. 
The following morphomic variables were assessed 
based on the need to represent the shape and material 
properties of abdomen and pelvis components. Data 
at the L5 was used for the body depth, body width, 
fascia area, subcutaneous fat area, vertebra-to-front 
skin, spine-to-back skin, and cortical bone density, 
trabecular bone density and L2 was used for the 
dorsal muscle group. Measurements are illustrated in 
Figure 1. 
 Body depth: Front-to-back body distance  at L5 

(aligned to body habitus) ; millimeter  
 Body width: Left-to-right body distance at L5 

(aligned to body habitus) ; millimeter 
 Fascia area: The cross-sectional area within the 

fascia at L5; squaire millimeter 
 Subcutanous fat area: The cross-sectional area 

between skin and fascia at L5 meeting fat 
density thresholds -205 and -51 Hounsfield units  
(HU). 

 Muscle density: The ratio of low density (HU) 
to high density (HU) dorsal muscle group at L2 

 Vertebra-to-front skin: Distance between front 
of vertebra body to skin at L5; millimeter  

 Spine-to-back skin: Distance between the 
posterior tip of the spinous process to the back 
skin at L5; millimeter 

 Cortical bone density: The maximum cortical 
bone signal peak at L5 ; Hounsfield units  (HU).  

 Trabecular bone density: Average pixel 
intensity within a circular core sample at the 
mid-level of each vertebral at L5; Hounsfield 
units  (HU) 

 Pelvis width: Distance between left and right 
lateral most point on the pelvic wings; 
millimeter 

 Pelvis height: Average of left/right vertical 
distance between the ischial tuberosity to the 
most superior point on the iliac wing; 
millimeter. 

 

 

Figure 1 Morphomics measurement obtained from 
CT scans. 

 

Statistical Analysis for Lower Extremity 
Fracture 
Occupants were categorized by BMI in either the 
nonobese group (BMI < 30 kg/m2) or obese group 
(BMI ≥ 30.0 kg/m2). Utilizing frontal crash occupants 
in the ICAM database, univariate and multivariate 
regression analyses were conducted to investigate the 
association between occupant factors and lower 
extremity fracture. According to the univariate 
analysis in this study as shown in Table 1, mean 
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value of LEXAIS for obese group (5.8) shows a high 
lower extremity fracture (multiple site) compare to 
the nonobese group (4.1). The concept of using a 
statistical approach is to predict the lower extremity 
fracture and the importance of each variable defined 
with a predictive model [6],[17],[28].  
Logistic regression models were fitted to investigate 
LEXAIS injuries with different configurations of 
crash, demographic, and morphomic variables. There 
are 380 ICAM cases available with occupants 
involved in frontal crashes, among which there are 
228 cases with complete processed morphomic data. 
LEXAIS was calculated for occupants involved in 
frontal crashes who also had morphomics data and 
separated into two groups: LEXAIS≤3 and 
LEXAIS≥4 to distinguish single fracture and multiple 
fracture at lower extremity. The data analysis was 
conducted using MATLAB2015a statistical tool box. 
Selection of variables for inclusion in the predictive 
models was done using forward and backward 
stepwise regression to determine a final model. At 
each step, the criteria to add or remove the term are 
defined with Akaike information criteria (AIC). AIC 
is an information criterion that addresses the trade-off 
between the goodness of fit of the model and the 
complexity of the model. The performance of 
regression models was assessed with AIC and 
receiver operating characteristic (ROC) which plots 
the model sensitivity as a function of specificity. The 
performance of the models was compared using area 
under the curve (AUC).  
There were 17 covariate variables examined: three 
vehicle (Crash severity, Belt, Intrusion), three 
demographic (Age, BMI, Gender), and eleven 
morphomic (body depth, body width, fascia area, 
subcutaneous fat area, muscle density, vertebra-to-
front skin, spine-to-back-skin, cortical bone density, 
trabecular bone density, pelvis width, pelvis height). 
The models were characterized into four different 
scenarios to assess each variable that contributes to 
lower extremity fracture. Scenario 1 used vehicle 
variables; Scenario 2 vehicle and demographic 
variables; Scenario 3 vehicle and morphomics 
variables; and Scenario 4 used all variables. We then 
used AIC and AUC to compare the performance of 
predictive models developed with the four different 
scenarios. 
 
RESULT 
 
There were 228 occupants who met the inclusion 
criteria of this study. By using vehicle and 
demographic data, obese features were compared 
with the nonobese group. Among 228 occupants, 
there were 141 nonobese occupants and 87 obese 
occupants. Average BMI for the nonobese and obese 

group is 24.5 and 36.3 respectively. Table 1 shows 
the result of the univariate analysis for the vehicle 
and demographic variables and injury severity. The 
table includes mean, standard errors, and P value 
obtained from two-sample t tests for continuous 
variables. It also provides the counts and the 
percentage for categorical variables (Belt and 
Gender) of each group, the P value from the Fisher’s 
exact tests. While the obese group had a higher age 
and weight compared to the nonobese group, there 
are no significant differences in the vehicle variables 
(crash severity, belt, intrusion) between the groups. 
The obese group had a higher LEXAIS than the 
nonobese group. Comparison of nonobese 
(LEXAIS=4.1) and obese (LEXAIS=5.8) fractures 
indicates a significant difference. For the obese 
group, the number of fractured locations seems 
multiple. These might attribute to an increase in the 
length of stay (LOS) in the hospital for the obese 
group compare to the nonobese group. 
 
Table 1 Summary of statistical for MAISLEX ≥ 2 
occupants by BMI group. 

 
 
Examining the lower extremity fracture incidence 
and injury severity using LEXAIS criteria, the obese 
group had significantly more fractures and multiple 
sites. From this analysis, LEXAIS4+, which showed 
the difference between nonobese and obese 
occupants, was chosen as a predictor for multivariate 
analysis with vehicle, demographic, and morphomics 
variables. For the 228 occupants with available 
morphomics variables, a logistic regression model 
was applied to quantify the contribution of body 
shape to lower extremity injury. Table 2 presents a 
univariate analysis of the 17 variables. It includes 
mean, standard errors, and P value obtained from 

Mean or
count

Std
error or

Mean or
count

Std
error or

Vehicle
Model year 2002.1 5.1 2002.1 5.3 0.996
Crash severity 31.2 12.5 28.3 11.2 0.071
Belt 109 77.3% 65 74.7% 0.660
Intrusion 15.4 16.8 16.9 20.4 0.558

Demographics
Age 45.9 20.5 49.0 17.8 0.218
Height 171.0 10.1 168.7 10.0 0.096
Weight 72.2 14.6 103.9 24.9 0.000 **
BMI 24.5 3.3 36.3 7.2 0.000 **
Male 67 47.5% 38 43.7% 0.574

Injury
MAISLEX 1.8 1.1 2.2 1.0 0.017 *
LEXAIS 4.1 6.0 5.8 6.1 0.041 *
Length of stay 9.2 9.5 11.8 10.8 0.061

* p<0.05  **p<0.01

Variables
Nonobese (n=141) Obese (n=87)

P
value
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two-sample t tests for continuous variables. It also 
provides the counts and the percentage for categorical 
variables (Belt and Gender) of each group. Various 
features were compared between the groups of 
occupants with LESAIS≤3 and LEXAIS≥4. Crash 
severity and intrusion was the significant variable in 
the vehicle variables. Among the demographic 
variables, age and BMI were the significant variables. 
This result suggests that an increase in BMI was 
significantly associated with LEXAIS whereas an 
increase in age was opposite. Among the various 
morphomics variables, subcutaneous fat and spine-to-
back skin were significantly different between the 
two groups. 
 
Table 2 Summary of statistics between the groups of 
occupants between LEXAIS≤3 and LEXAIS≥4 

 
 
The logistic regression models were fitted with 
different configurations of variables predictive of 
lower extremity fractures and were evaluated by the 
AIC in the multivariate analysis of the 17 variables. 
Table 3 summaries the selection of independent 
variables to be applied in the regression models for 
each scenario weighted by AICs. Within each 
scenario, AICs were decreased by removing the 
variable except Scenario 1. Age and gender was 
removed in scenario 2 and trabecular bone density, 
body depth/width, pelvis width, subcutaneous fat 
area, and spin-to-back skin were removed in scenario 
3. In scenario 4, pelvis height was removed in 
addition to the variables removed in scenario 2, and 
3.  

 
Table 3 AICs in selecting the respective model 
(LEXAIS ≥ 4) in each scenario. 

 
 
Table 4 shows the coefficient, error, odds ratio, and 
95% confidence intervals in predicting LEXAIS≥4 
from stepwise regression analysis in each scenario. 
The important morphomics variables identified in the 
current analysis were vertebra-to-front skin and 
fascia area. BMI was important when combined with 
the vehicle and demographic variables. However, 
when morphomics were combined with both 
demographic and vehicle variables, BMI became less 
important. The decrease in importance can be 
explained by strong correlation (Pearson correlation: 
0.74) between BMI and morphomic variable such as 
vertebra-to-front skin.  
 Figure 2 shows the progression of ROC curves 
from the statistical model of lower extremity fracture 
rate using vehicle, demographic, and morphomic 
data. The model developed based solely on vehicle 
data had an AUC of 0.72. The model prediction 
improved when combining vehicle and demographic 
data with an AUC of 0.75. The AUC associated with 
vehicle and morphomics data was 0.78 and increased 
to 0.79 when combining vehicle, demographic, and 
morphomics variables. 
 
 
 
 
 
 
 
 
 

Mean or
count

Std
error or
percent

Mean or
count

Std
error or
percent

Vehicle
Crash severity 27.6 10.7 33.7 13.0 0.000 **
Belt 105 79.5% 69 71.9% 0.188
Intrusion 10.3 14.5 23.8 19.9 0.000 **

Demographics
Age 50.1 20.9 42.9 16.8 0.005 **
BMI 27.8 6.6 30.6 8.8 0.009 **
Male 60 45.5% 45 46.9% 0.833

Morphomics
Body depth 249.0 49.3 259.9 53.7 0.119
Body width 349.8 43.4 357.9 44.4 0.172

Subcutanous fat area 26542.3 13148.5 30267.6 14030.1 0.043 *

Vertebra-to-front skin 123.3 35.0 128.5 36.4 0.284
Spin-to-back skin 44.0 18.9 50.8 21.3 0.013 *
Fascia area 41957.1 12405.1 41846.3 11041.8 0.943
Muscle density 0.3 0.5 0.2 0.2 0.069
Cortical bone density 278.3 88.2 280.8 68.2 0.809
Trabecular bone 203.6 81.8 209.6 53.1 0.504
Pelvis width 278.9 19.7 277.6 18.6 0.591
Pelvis height 211.3 13.5 210.2 12.7 0.513

* p<0.05    ** p<0.01

Variables

LEXAIS≤3 LEXAIS≥4
P

value

Scenarios Removed variables AIC

1: Vehicle None 281.0

2: Age 274.6
Gender 274.3

3: Trabecular bone density L5 277.3
Body width L5 275.4
Body depth L5 273.5
Pelvis width 271.7
Subcutanous area L4 270.4
Spin-to-back skin L4 270.1

4: Body depth 277.7
Body width 275.7
Trabecular bone density L4 273.8
Age 271.9
Spine-to-back skin L4 270.4
Pelvis width 268.7
Gender 267.7
Subcutanous area L4 267.0
Pelvis height 266.8

Vehicle and
Demographic
Vehicle and
Morphomic

Vehicle
Demographic
and Morphomic
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Table 4 Estimation of coefficient, odds ratio, their 
95% confidence intervals and p-value for variables 
from different scenarios. 

 

 
Figure 2 Progression of receiver operating 
characteristic curves of difference scenarios 

 
DISCUSSION 
 
By 2030, approximately 42% of the population will 
be obese according to the estimation of demographic 
shifts in the US. This shift in the population will 
likely increase the societal burden from MVCs. 
Wang [25] remarks that obesity is highly associated 
with cardiovascular disease, hypertension, diabetes, 
and poor wound-healing which complicate post-
injury treatment and rehabilitation. It is known that 
increase in mass increases the forces exhibited to the 
occupant. The effect of these inertia forces, and this 
study showed obese occupants have an increased rate 
of more severe lower extremity fractures. Also it was 
shown with similar crash condition the obese still 
sustained lower extremity fractures. It is noted that 
the current crash testing is tuned for nonobese 
occupants and with the increase in obesity in the US 
more should be addressed to examine and protect the 
obese occupants. This study integrated crash and 
medical data that includes analytic morphomics and 
showed an increase in lower extremity fracture of 
obese occupants using real world crash cases. 
Utilizing LEXAIS to analyze the study subjects who 
have sustained lower extremity injures shows clear 
variation in the pattern of fracture observed in 
nonobese versus obese occupants. According to the 
univariate analysis with LEXAIS, obese occupants 
sustained more fractures at lower extremity compared 
to the nonobese occupants. Moreover, mean value of 
LEXAIS of obese group in Table 1 indicated lower 
extremity fracture at multiple sites and this might 
attribute to an increase in the LOS. Based on this 
observation the obese group sustains more severe 
lower extremity fractures than the nonobese group 
and lower extremity injuries lead to a long-term 
physical cost from MVCs as already described in 
prior studies [5],[19]. 
The phenomenon of lower extremity fracture of the 
obese is also supported with prior studies by Kent et 
al. [11]. The authors indicated that the obese subjects 
experienced greater maximum forward displacement. 
The primary difference was a larger hip-point 
excursion in the obese subject which may 
subsequently show an increase in lower extremity 
injury. In addition, “unfavorable kinematics” that 
results from increased hip excursion is observed in 
the obese PMHS. This crash mechanism helps to 
predict the possibility of lower extremity fracture due 
to greater interaction between lower extremities and 
components such as knee bolster or floor pan. 
The results showed an increase in LEXAIS when 
including the morphomic variable in the model. The 
effect of vehicle, demographic, and morphomic 
variables on the lower extremity fracture in frontal 

Lower Upper

Vehicle

(Intercept) -1.078 0.466 -1.997 -0.160 0.021
Severity 0.021 0.014 1.021 -0.007 0.048 0.141
Belt -0.692 0.345 0.501 -1.372 -0.012 0.045 *
Intrusion 0.041 0.010 1.042 0.022 0.060 0.000 **

Vehicle
(Intercept) -2.959 0.832 -4.598 -1.320 0.000
Severity 0.026 0.014 1.027 -0.002 0.055 0.067
Belt -0.620 0.353 0.538 -1.315 0.076 0.079
Intrusion 0.040 0.010 1.041 0.021 0.060 0.000 **

Demographics
BMI 0.057 0.020 1.059 0.017 0.097 0.005 **

Vehicle

(Intercept) 3.528 3.169 -2.717 9.773 0.266
Severity 0.035 0.016 1.036 0.004 0.066 0.025 *
Belt -0.813 0.371 0.444 -1.544 -0.082 0.028 *
Intrusion 0.051 0.011 1.052 0.029 0.073 0.000 **

Vertrbra-to-front skin 0.029 0.009 1.029 0.010 0.047 0.002 **
Facia area -6.E-05 3.E-05 1.E+00 -1.E-04 0.E+00 0.050 *
Muscle density -0.845 0.601 0.430 -2.029 0.340 0.160
Cortical bone density -0.005 0.002 0.995 -0.009 0.000 0.052
Pelvis height -0.022 0.015 0.978 -0.058 -0.052 0.134

Vehicle

(Intercept) -1.375 1.187 -3.713 0.964 0.247
Severity 0.035 0.016 1.035 0.004 0.066 0.027 *
Belt -0.690 0.376 0.502 -1.431 0.052 0.067 *
Intrusion 0.047 0.011 1.048 0.026 0.069 0.000 **

Demographics
BMI 0.073 0.032 1.076 0.010 0.137 0.023 *

Vertrbra-to-front skin 0.022 0.010 1.023 0.003 0.042 0.026 *
Facia area -9.E-05 3.E-05 1.E+00 -1.E-04 0.E+00 0.002 **
Muscle density -0.739 0.597 0.478 -1.916 0.438 0.216
Cortical bone density -0.005 0.002 0.995 -0.009 0.000 0.051

* p<0.05  **p<0.01

Morphomics

Scenario 1 

Scenario 2 

Scenario 3 

Morphomics

Scenario 4 

Variables Coeff. SE
Odds
Ratio

95% CI P
value

0.00
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0.50
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AUC=0.72
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AUC=0.79
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crashes were assessed by using a ROC curve. The 
results indicated that morphomic variables when 
included in the model strengthened and showed 
significance in evaluating lower extremity fractures 
among the obese when compared to the nonobese. 
The AUC, obtained in Scenario 4 where morphomics 
data was added was 1.05 times greater than when 
using only vehicle and demographic data (Scenario 
2), and 1.10 times greater than when using vehicle 
data alone (Scenario 1).  
 Overall intrusion was among the significant 
variables of frontal impact at lower extremity fracture 
(LEXAIS) in the multivariate models. It has shown 
that occupants who are involved in crashes with more 
integrity loss and multiple components of intrusion 
reflect more severe crashes. From Scenario 2 (vehicle 
and demographic), BMI is the significant 
demographic variable of LEXAIS. These results are 
consistent with prior study [3] with multivariate 
statistical models. Vetebra-to-front skin depth was 
the significant morphomic variables of lower 
extremity fracture in frontal impact. This indicates 
that this factor was important in assessing the 
increased severity of lower extremity fracture. 
Obesity related changes appear to correlate with 
lower extremity fracture. Parentenu et al. [15] 
quantified the amount of fat at each vertebral level 
using representative parameters based on the CT scan 
measurement of 10,952 individual’s data and the 
obese occupants have large amounts of fat distributed 
in the abdomen and pelvis regions. The obese 
occupants with large volumes of mass around the hip 
region demonstrate that current restraint systems are 
challenged in trying to arrest forward motion, 
especially for obese occupants. Increased fat depth 
anteriorly (vertebra-to-front skin) moves the hip point 
up off the seat and further forward from the seat 
back. These results suggest the fat distribution is also 
important as well as material properties when 
discussing lower extremity fracture. Our next steps 
investigating the effect of obesity will utilize finite 
element models to test the effects of morphomic 
variations. 
The ICAM database involves vehicle crashes whose 
occupants have been treated at University of 
Michigan, a Level-1 trauma center and is therefore 
the cohort used in this study is not representative of 
national sample or occupant exposure. Gender 
difference is not discussed due to the limited sample 
size. However, gender is important for lower 
extremity injury. Vertebra-to-front skin which tends 
to increase the lower extremity fracture is obviously a 
BMI-related shape change, but also appears to be 
related to gender. Fat distribution change appears to 
be an important factor when we consider the lower 
extremity fracture in real-world crashes.  

 
CONCLUSIONS 
 
Morphomic variables in this study showed that 
vertebra-to-front skin depth was important in 
assessing lower extremity fractures of obese 
occupants and intrusion were the most significant 
variables of front impact LEXAIS in the multivariate 
models. The lower extremity fracture more likely 
occurred in obese occupants even with similar 
intrusion as compare to nonobese occupants. This 
paper introduced a method to quantify obese lower 
extremity fractures using analytic morphomics in an 
accurate and systematic manner. The characterization 
of the obese can then be used as a data source to 
provide relevant geometric data to inform tailored 
human finite element models. 
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ABSTRACT 
 
This paper presents an update on the implementation of a touch-based optical sensor (TTT sensor) for 
monitoring the alcohol concentration in the driver of a vehicle.  This novel sensor is intended to improve driver 
safety by providing a non-intrusive means of notifying a driver when their blood alcohol concentration may be 
too high to operate a vehicle safely.  Details on implementation of the MARK2 system are presented along 
with updates on principles of the MARK3 version currently under development.  Laboratory validation of the 
MARK2 system on standard calibration standards are presented along with discussion of next steps in 
validation of the technology.  Updates on the demonstration vehicle implementation are also provided along 
with lessons learned in the implementation of the human-machine interface aspect of the design. 
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INTRODUCTION 

A touch-based optical sensor was previously 
described for use in automotive applications [1].  
The intended goal of the current sensor 
development is to mitigate the societal impact of 
alcohol (ethanol) impaired vehicle driving [2,3,4].  
In order to be suitable for use by consumers, the 
system must be seamlessly integrated into the 
vehicle’s infrastructure, providing consumers with 
the knowledge of their alcohol concentration 
without imposing inconvenience to their daily 
driving experience. Details of the implementation 
of a touch-based sensor (TTT MARK2) are 
presented including the deployment of the sensor 
in a demonstration vehicle. The current human 
machine interface (HMI) design places the optical 
touchpad in the vehicle’s start button.  A 
demonstration version incorporating capacitive 
touch sensing along with visual and haptic 
feedback has been tested.  Several improvements 
in the sensor platform have been identified and are 
currently being incorporated into the new MARK3 
sensor platform.  Improvements in system 
accuracy, size reduction, and manufacturing costs 
are discussed. 
 
 
REVIEW OF SENSOR THEORY 

As previously disclosed [1], the touch based sensor 
technology is based on a peer-reviewed and 
clinically validated method using near-infrared 
spectroscopy to accurately measure alcohol 
concentration in humans.  A brief review of the 
key scientific principles is repeated below for 
reference. 
 
Scientific Basis of the TruTouch Measurement 
The TruTouch technology employs near-infrared 
(NIR) absorption spectroscopy to measure skin 
tissue. The NIR spectral region typically spans the 
portion of the electromagnetic spectrum between 
the visible, which is generally considered to end at 
0.7 μm, and the infrared, which begins at 2.5 μm.  
However, for measuring alcohol in vivo (in 
human), some portions of the NIR are more 
advantageous than others.  The features most 
commonly observed in the NIR are overtones and 
combinations of fundamental vibrations of 
hydrogen bonded to carbon, nitrogen, and oxygen 
[5,6,7,8].   

 
The absorbance spectrum of alcohol shows 
features over the NIR region (Figure 1).  The 1.25- 
μm 2.5 μm region contains the 1st overtone and 
combination bands of the carbon-hydrogen and 
oxygen-hydrogen bonds. The 0.7-1.25 μm region 
contains higher order overtones of these bonds. 
Examination of Figure 1 and its inset shows that 
the 0.7-1.25 μm region is 400 times weaker than 
the signal in the longer wavelength, 1.25- 2.5 μm 
region.   

 
Furthermore, the utility of the visible region (0.3 to 
0.7 μm) and the 0.7-1.25 μm part of the NIR are 
limited by the presence of skin pigmentation 
(melanin) that creates large differences between 
people, particularly of different ethnicities. In 
contrast, the longer wavelength region is virtually 
unaffected by pigmentation [9].  As a result of the 
larger signal and absence of pigmentation, the 
TruTouch technology is designed to measure the 
longer wavelength (1.25-2.5 μm) region. 
 
In addition to the aforementioned advantages, the 
NIR spectral region (4000-8000 cm-1 or 1.25-2.5 
μm) is of prime interest for non-invasive alcohol 
measurements because it offers specificity for a 
number of analytes, including alcohol and other 
organic molecules present in tissue, while 
supporting optical path lengths of several 
millimeters with acceptable absorbance 
characteristics [10,11,12,13,14]. Comparing NIR 
spectra (normalized to unit concentration) of 
alcohol and water collected using a TruTouch 
system, demonstrates the effect of molecular 
structure on NIR absorption spectra and indicates 
spectral regions of separation (see Figure 2).  
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Figure 1.  Absorbance Spectrum of Ethyl Alcohol. 
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Figure 2. Comparison of Alcohol, Water Near-
infrared Spectra. 

 
TruTouch systems deliver NIR light to the skin 
and underlying tissue and collects the diffusely 
reflected signal using a fiber-based optical probe.  
The collected light contains spectral information 
which allows the determination of the subject’s 
alcohol concentration directly from the 
measurement. Specific details of the industrial 
version of the optical alcohol detection system can 
be found in several issued United States Patents 
and applications [15,16,17,18,19]. 
 

UPDATE ON THE MARK2 SENSOR  

The MARK2 sensor previously described, has been 
implemented using discrete semiconductor laser 
diodes.  The MARK2 system was designed to be 
modular in nature with multiple, replaceable laser 
butterfly (Telecom) packages configured in a 
housing suitable for inclusion in a demonstration 
vehicle.   Figure 3 shows the sensor installed in the 
center console of a vehicle.  As can be seen in the 
picture, the sensor is operable by either the driver 
or the passenger and has been configured to allow 
demonstration of the touch-based measurement 
interface.  A lighted bezel provides visual feedback 
to the user in order to provide an intuitive method 
of conveying the process and the results of an 
alcohol test. 

 

Figure 3.  Demonstration Vehicle Installation. 

Figure 4 clearly illustrates the separate subsystems 
of the MARK2 sensor which are connected via 
electronic and fiber-optic interfaces to allow for a 
more flexible installation in vehicle and laboratory 
test setups.  Each of the laser wavelengths shown 
in Figure 5 are achieved via a discrete laser diode 
contained in one of four butterfly packages.  In 
contrast, the new MARK3 sensor is currently being 
fabricated using a multi-wavelength per laser die 
architecture and a single, integrated opto-
mechanical housing.  

 
Figure 4.  MARK2 Sub-Systems. 
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Figure 5. Laser lines implemented in MARK2 
sensor (a), MARK2 multi-laser package detail (b). 

The MARK2 laser package shown in Figure 5 uses a 
standard ridge-guide DFB laser diode 
architecture[20] to implement one measurement 
wavelength per laser die.  A series of up to 12 laser 
diodes per package has been achieved and 
demonstrated in the MARK2.  Four separate 
butterfly packages are integrated via optical 
interconnects into a single laser aperture interface.  
This necessitates the use of significant fiber optics 
and results in a relatively large optical aperture 
input.  Size, cost, and assembly complexity of the 
instrument are all adversely affected by this design 
choice.  In the MARK3 sensor design, a novel 
multi-wavelength per laser die architecture has 
been implemented and tested by nanoplus 
Nanosystems and Technology GmbH .   

Laboratory Results on the MARK2 Sensor 
The sensitivity of a test refers to a method’s ability 
to respond to quantity changes in the target 
analyte, while selectivity is the extent to which 
analytical measurement procedure are high 
sensitivity and high selectivity for the target 

analyte (e.g. alcohol concentration). Ensuring the 
selectivity of an analyte measurement can be 
notoriously challenging in complex systems such 
as human tissue [21, 22]. Accordingly, careful 
design and controlled experiments are required to 
verify the validity of any measurement approach.   
 
Historically, researchers have used in-vitro 
experiments to assess the sensitivity and selectivity 
of methods for quantifying analytes at 
physiological concentrations 
[23,24,25,26,27,28,29]. These experiments are 
useful diagnostics for the validity of a 
measurement approach because sample 
composition and the experimental conditions are 
controlled by the practitioner; allowing direct 
assessment of measurement sensitivity and 
selectivity. For laboratory validation of the alcohol 
sensor, an optically scattering tissue phantom was 
developed using 0.3 micron diameter polystyrene 
microspheres to mimic the optical properties of 
human skin. 
 
In order to assess the accuracy of the MARK2 
Sensor platform, a 98 sample set of in vitro 
calibration test samples were fabricated.  The 
individual samples contained varying levels of 
glucose, urea, creatinine, phosphate buffered 
saline, triton (surfactant), 0.3 micron diameter 
polystyrene microspheres, and ethanol.  Glucose, 
urea, and creatinine were varied across the full 
expected physiological range.  Ethanol was varied 
from 0 mg/dL to 200 mg/dL (0.000 to 0.200 BAC).  
All seven constituents were varied across seven 
discrete concentration levels in an orthogonal 
experimental design intended to minimize any 
spurious correlations between their concentration 
levels. 

Figure 6. Absorbance Spectra of 98 In Vitro Calibration 
Samples: MARK2 System. 
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Figure 8 shows the spectral measurements of the 
98 in vitro calibration samples.  The vertical 
spread on the measurements is caused by the 
intentional variation of the concentration of the 
polystyrene scattering microspheres (mimics the 
differences in human skin optical properties).   

A linear regression model was built using partial 
least squares regression and analysis was 
performed using a sample-out cross validated 
analysis to assess the performance of the MARK2 
system in measuring ethanol.  The orthogonal 
experimental design provides a solid analytical 
framework to assess the impact of varying optical 
scatter levels and changes in representative 
biochemical compounds (glucose, creatinine, urea) 
on the system’s performance.   

 

Figure 7.  CV Analysis Results:  MARK2 Test 98 
Sample Set. 

In Figure 7 the results are shown for the cross-
validated (CV) analysis.  The RMS error shown is 
a robust estimate based on scaling the median 
absolute deviation by 1.46.  The results shown on 
the MARK2 demonstrate excellent performance 
against the calibration sample.  However, in order 
to meet the stringent performance requirements for 
the automotive application, additional performance 
improvements are being designed into the MARK3 
Sensor. 

 

DESIGN OF THE MARK3 SENSOR 

Although significant progress has been made 
towards establishing the feasibility of a non-

invasive touch based alcohol measurement system, 
continued research and development is necessary 
to achieve a production automotive system that can 
meet aggressive targets for performance, 
measurement time, reliability and robustness.  
Several key considerations in the touch based 
design are explored further below.   

Compact Laser Module Design 

Figure 8 shows a dual-segment laser diode 
mounted on a custom ceramic subcarrier.  By 
selectively tuning the drive current, rapid and 
stable switching across multiple target laser lines 
can be achieved.  This new laser architecture has 
enabled significant reduction in the number of 
laser die required by the MARK3 sensor.  
Additionally, improvements in the optical 
mounting and testing scheme allows for full laser 
diode qualification testing prior to assembly in the 
final opto-mechanical package.  As a result, the 
MARK3 sensor form factor has been reduced to 
single, monolithic package suitable for automotive 
fleet testing of the sensor.   

 

 

Figure 8.  Dual-segment laser mounted on ceramic 
carrier (a), Laser output 1 (b), Laser output 2 (c). 

Human Machine Interface   

As a result of the reduced optical apertures enabled 
by the new laser package design, the skin optical 
interface of the sensor has been further optimized.  
The MARK2 sensor currently requires a 4mm x 
4mm touchpad for the automotive interface.  The 
proposed MARK3 design achieves over a 4x 
reduction in area, resulting in less than a 2mm x 
2mm touchpad.  This reduction in size offers the 
opportunity to further optimize the HMI design 
with respect to mechanical form factor, inclusion 
of user feedback elements, etc.  Based on user 
testing, additional improvements in the visual and 
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auditory feedback elements are also being 
incorporated in the MARK3. 

CONCLUSIONS 

The MARK2 revision of the touch-based alcohol 
sensor has been implemented and installed in a 
demonstration vehicle.  Initial testing on in vitro 
calibration samples have shown promising 
performance and provided insights for 

improvements being implemented in the MARK3 
revision.  A design with significant improvements  
in size and  complexity have been enabled via a 
novel laser die architecture in conjunction with 
overall improvements in optical and electronic 
subsystems.  Additional design and testing efforts 
are underway to continue progress towards 
meeting the requirements of the automotive 
application.

in size and complexity have been enabled via a 
novel laser die architecture in conjunction with 
overall improvements in optical and electronic 
subsystems.  Additional design and testing efforts 
are underway to continue progress towards 
meeting the requirements of the automotive 
application. 
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ABSTRACT 
 
A sad type of incident, which predominantly happens in warm and sunny seasons, is children dying of 
hyperthermia inside vehicles. In the US, there are, on average, 37 heat-related fatalities per year. In about 70% 
of these cases, the child was either forgotten or intentionally left inside the vehicle. Temperatures rise very 
quickly in a car that is parked in the sun, and can reach a critical level within less than 20 minutes. Although 
the overall number of hyperthermia fatalities can seem relatively low compared to the overall road fatalities, 
the incidents are dramatic, as the victims are predominantly very young and defenseless. A sensor, integrated 
behind the headliner of the vehicle, uses radiofrequency (RF) signals to detect the vital signs of a child. The 
sensing unit emits signals in the 24 GHz ISM band and evaluates the reflected signal. The system is sensitive 
enough to detect the small breathing movements of a sleeping baby, and is even capable of detecting the child 
under difficult circumstances, such as through the sunshade of a rearward-facing child seat. Once the presence 
of a living being is detected, various alerts or countermeasures can be initiated. A vehicle-based sensing 
approach is the most promising, as it can potentially use all of the vehicle’s available infrastructure to initiate 
warnings or countermeasures. Further studies on warning strategies may be needed to identify the most 
effective and acceptable ones.  
 
 
 
INTRODUCTION 
 
In 2016 there were 39 heat-related fatalities inside 
a vehicle in the US, 15 more than in 2015. At least 
702 children have died from heat stroke in a 
vehicle since 1998 [1].  
 

 
 
Figure 1. In-vehicle heat stroke fatalities in the US 
 
In about 70% of these cases, the child was either 
forgotten or intentionally left inside the vehicle. In 
the remaining cases, the child managed to get into 
an unlocked vehicle but was unable to exit again. 

Although it seems unthinkable to forget a child in 
a car, a review of the incidents shows that 
distraction, a change in the daily routine, or 
misunderstandings play a major role. Therefore, it 
can potentially happen to anybody irrespective of 
educational background, etc. When children were 
intentionally left in the car, the caretaker either 
ignored the risk of leaving the child inside, or it 
simply took them longer to get back to the vehicle 
than initially planned. Temperatures rise very 
quickly in a car that is parked in the sun, and can 
reach a critical level in less than 20 minutes. These 
types of hyperthermia incidents also take place in 
Europe and other parts of the world, but due to the 
lack of databases covering them, the full scope of 
the problem is unknown.  
 
Although the overall number of hyperthermia 
fatalities can seem relatively low compared to the 
overall road fatalities, it could be worth looking 
back and making a comparison to the airbag-
related fatalities seen in the US in the late 1990s 
and early 2000s (see Figure 2). About 120 children 
died due to deploying airbags and, as a 
consequence, the advanced airbag rule was 
introduced into FMVSS 208. The changes to 
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FMVSS 208 have successfully contributed to the 
reduction of those kinds of incidents. 
 

 
 
Figure 2. Heat stroke versus airbag fatalities 
 
Attention should also be given to the fact that the 
social consequences of heat stroke fatalities are 
often dramatic. The victims are very young and 
defenseless, the caretaker is often a parent or direct 
relative, and society seems to have little 
understanding about the memory failures that lead 
to the dramatic consequences. 
 
CHILDREN ARE ESPECIALLY 
VULNERABLE TO HEAT STROKE 
 
Heat stroke occurs when the body temperature 
reaches or exceeds 40 degrees Celsius (104 
degrees Fahrenheit) from an external or 
environmental exposure to heat. To place this in 
perspective, in 27 degrees Celsius (80 degree 
Fahrenheit) weather, the inside temperature of a 
car can increase to 55 °C (130 °F) in less than one 
hour. Children are especially vulnerable to heat 
stroke because of their body size and relative 
inability to release heat compared to adults.  
 

 
 
Figure 3. Share of heat stroke victims by age group 
 
A child’s body temperature can increase at a rate 
of 3 to 5 times faster than for an adult. The rapid 
rise and consistently high temperatures in the 

vehicle’s interior do not allow a child to release 
body heat through normal methods. In the most 
severe heat stroke form, there is an increased 
oxygen demand, which is coupled with heat-
related death to cells in many organs of the body, 
particularly in the brain. These effects can finally 
lead to death, but even if a child were to survive 
heat stroke from being left in the vehicle, it may 
suffer permanent neurologic damage. 
 
HOW TO DETECT A CHILD LEFT IN A 
VEHICLE 
 
Today’s Vehicles Have Many Reminders 
There are plenty of “comfort” reminders that have 
been added to modern vehicles. The driver is 
informed if he has left the lights on, forgotten the 
key in the ignition, or when the windshield washer 
liquid level is low. In the safety-related area, many 
vehicles nowadays are equipped with seat belt 
reminders alerting the occupants that they have 
forgotten to buckle up. But if a child is left 
unattended, no vehicle can detect this and warn 
you about it. So, when thinking about ways to 
tackle heat stroke fatalities, the resulting questions 
are: a) how to detect that there is an unattended 
child in the car; b) what is the appropriate warning 
or countermeasure strategy. 
 
In recent years some technical concepts have 
started to emerge to address the problem of at-risk 
unattended children. Back in 2012, the US 
National Highway Traffic and Safety 
Administration (NHTSA) evaluated a few 
aftermarket systems, and found them to be 
unreliable or difficult to install [2]. In a subsequent 
technical report published in 2015, NHTSA 
proposed a test methodology for a functional 
assessment of “Unattended Child Reminder 
Systems” and expressed the hope it might help 
innovators bring more robust child safety products 
to market [3].  
 
For the 2017 GMC Acadia, General Motors has 
introduced an alert system that, once the car is 
turned off, reminds the driver to check the rear seat 
whenever a rear door was opened prior to or during 
the trip. So a simple door switch monitoring has 
been implemented and has been linked to the 
“child reminder alert”. Evenflo sells a child seat 
which, in combination with an ODB-port 
connected electronic, chimes an alert if the child 
seat buckle is closed and the engine is turned off. 
What both systems have in common is that they 
use indirect information to determine the possible 
presence of a child. 
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Radiofrequency-Based Detection 
In the past IEE has investigated various 
technologies for their suitability to detect 
unattended children, independent of whether they 
are installed in a child seat or not. Among the 
evaluated systems were seat-based sensors, thermal 
sensors, or optical systems. But each of them had 
certain weaknesses that would not have allowed 
detection of a child in certain normal 
circumstances. 
 
Passive 2D camera-based systems are able to 
classify human contours by looking top-down, but 
will not work when the field of view is blocked – 
for example if the child restraint system is covered 
by a sunscreen or other material - or when it is 
dark. Infrared cameras would be able to detect 
children’s body heat at night too, but human bodies 
may not be properly detected when the car interior 
is already hot (e.g. during the summer). 
Piezoelectric foils are very sensitive to heartbeats, 
but also to vibration. This makes it impossible to 
detect children when the car is parked next to a 
road with heavy traffic. In addition, integrating 
piezoelectric sensors in the seat is difficult. 
 
Radiofrequency-based detection has allowed IEE 
to overcome those hurdles. A sensor, integrated 
behind the headliner of the vehicle, uses 
radiofrequency (RF) signals to detect the presence 
of a child on the rear seat after the ignition has 
been switched off. The sensing unit emits RF-
signals that cover the rear bench, and it evaluates 
the reflected signal. A specific algorithm filters the 
signals and allows detection of the vital signs of a 
human being. 
 
VITASENSE 
 
The Sensing System 
IEE’s VitaSense emits signals in the 24GHz ISM 
band, with a very low transmission power of 4mW, 
leading to a specific energy absorption rate more 
than 20 times below that of a cell phone. 
 
The system is sensitive enough to detect the small 
breathing movements of a sleeping baby, and is 
even capable of detecting the child under difficult 
circumstances, such as through the sunshade of a 
rearward-facing child seat. As the sensor is 
vehicle-based, the child is detected without the 
need for a specific child seat.  
 

 
 
Figure 4. VitaSense ECU 
 
Measurement Principle 
The continuous wave radar measures the breathing 
motion of the child’s abdomen while sleeping, or 
overall body movements when it is awake. 
 
Because electromagnetic waves are used, the 
sensor is able to make a robust decision 
independently of air currents and the temperature 
inside the cabin. The electromagnetic waves can 
penetrate through sunshades and clothing, and thus 
work independently from light conditions. Human 
breathing motions can clearly be distinguished 
from background noise. As the sensor can be 
completely covered by plastic or cloth trim, it is 
easy for car manufacturers to integrate. This also 
makes it easy to connect to, and make use of, the 
vehicle infrastructure. 
 
As the sensor is mounted in the ceiling behind the 
headliner, children in forward-facing and rear-
facing child restraint seats, or on boosters can be 
detected. Figure 5 shows the position related to the 
seat and the sensor itself.  
 

   
 
Figure 5. RF-module integrated behind the vehicle 
headliner 
 
The classification method 
The reflected signals are processed so that the 
level of motion observed can be evaluated. This is 
done by evaluating the receiver’s I and Q signals, 
which in the complex space describe a circle for a 
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single point motion. The radius of the circle is 
proportional to the level of motion in the field of 
view. Since only background noise is present if 
there is no motion observed, detection is possible 
within 1 to 2 seconds, if a significant level of 
motion is observed. This classification method is 
called “Global Motion Recognition”. 
 
The radar cross section of a very small sleeping 
new-born is so small that the level of motion is 
lower than the threshold selected for the “Global 
Motion Recognition”. In order to detect a sleeping 
new-born, the reflected signals are analyzed for the 
presence of a periodic motion (breathing). A robust 
decision is thus possible after 8-10 seconds, if the 
reflected signals are so low that they could be 
background noise. This classification method, 
discriminating small breathing patterns from 
background noise, is called “Sleeping Child 
Recognition”. 
 
Figure 6 illustrates the overlap of the power level 
of the background noise and the breathing motion 
of a sleeping new-born. 
 

 
 
Figure 6. Time to classification depends on level of 
motion 
 
Detection Versus Non-Detection 
It is important to design an alarm system so that it 
properly detects the object to be detected, in this case 
forgotten children. However, it is also important to 
design a system so that false alarms are avoided 
wherever possible. 
 
Figure 7 shows an example of a one-month old baby 
in a child seat with a closed sunscreen. The left-hand 
side shows the pre-processed received radar signal, 
and the right-hand side shows the sleeping child 
recognition algorithm processing result, which shows 
a periodic signal that meets the algorithm’s settings 
for the regularity and periodicity of the signal. 
 

 
 
Figure 7. Sleeping Child Recognition for one-
month old child 
 
Figure 8 shows an example of rain falling on an 
empty car, thus increasing the noise level, giving an 
observed motion level similar to that of the sleeping 
one-month old baby shown in Figure 7. The right-
hand side again shows the sleeping child recognition 
algorithm processing result, which now shows no 
periodicity in the signal, so the situation is classified 
as background noise and a false alarm is avoided. 
 

 
 
Figure 8. Rain on empty car 
 
A Dedicated Test Tool 
As the aim of the system is to detect real humans, 
it would be ideal to have suitable test candidates 
available at any time. Human babies played a 
major role in the development of the system and 
the fine-tuning of the algorithm, however they are 
not always available. Therefore, IEE has developed 
a dedicated test tool to reproduce the breathing 
pattern of a sleeping baby.  
 

 
 
Figure 9. Dummy reproducing breathing patterns 
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A baby doll has been fitted with a pneumatic 
bladder in the abdomen. The breathing pattern and 
amplitude reproduced by the bladder has been 
aligned with the weakest parameters that were 
identified in a real human baby. So it has been 
designed to represent a “worst case” sleeping new-
born. This dedicated test tool allows tests to be run 
whenever needed. The tool is also used for 
VitaSense system demonstrations.  
 

 
 
Figure 10. Breathing pattern - human baby versus 
test tool 
 
Whenever possible, additional data based on real 
babies is recorded to create a broader database of 
breathing patterns. Once the data is recorded it is 
used for continued development and fine-tuning of 
the algorithms. 
 
VEHICLE TASK – WARNINGS AND 
COUNTERMEASURES 
 
When the presence of a living being is detected, 
various alerts or countermeasures can be initiated, 
depending on the capabilities of the vehicle, for 
instance: the vehicle horn or a distinct sound, a 
text message to a mobile phone, using connectivity 
features to alert third parties (connected car apps, 
emergency services, etc.), activation of the air-
conditioning. 
 

 
 
Figure 11. Variety of warnings and 
countermeasures 
 

Based on detection tests with babies under various 
conditions, the RF-based detection method has 
been thoroughly tested and found to be robust. 
Still, for a sleeping baby the detection is not 
necessarily immediate: It can take up to 30 
seconds. Hence, a local warning may not be 
sufficient, and ideally some warning measures 
should reach beyond the immediate vicinity of the 
vehicle. Further studies on warning strategies may 
be needed to identify the most effective and 
acceptable ones. It is also important to clarify that 
the system is a reminder providing an additional 
safeguard, but does not ensure the prevention of 
heat stroke fatalities per se. 
 
CONCLUSION 
 
On average, 37 children die of hyperthermia inside 
vehicles every year in the U.S. This can seem 
relatively low compared to the overall road 
fatalities, but the incidents are dramatic as the 
victims are predominantly very young and 
defenseless.  
 
A sensor, integrated behind the headliner of the 
vehicle, uses radiofrequency (RF) signals to detect 
the vital signs of a child, and is sensitive enough to 
detect the small breathing movements of a sleeping 
baby, even under difficult circumstances, such as 
through the sunshade of a rearward-facing child 
seat.  
 
A vehicle-based sensing approach is the most 
promising, as it can potentially use all of the 
vehicle’s available infrastructure to initiate 
warnings or countermeasures. Further studies on 
warning strategies may be needed to identify the 
most effective and acceptable ones. 
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ABSTRACT 
 
The goal of this study was to develop a motion-based injury criterion for brain injuries derived from the 
material response of the brain tissue, under the assumption that impact response of the brain tissue can be 
characterized by a standard linear solid. Focus was given to brain injuries that are deemed to correlate with the 
strain of the brain tissue, including subarachnoid hemorrhage, intracerebral hemorrhage and diffuse axonal 
injury. The criterion is based on rotational motion of the head because of incompressibility of the brain tissue 
that allows large strain primarily in rotation. 
The stiffness and damping parameters of one-dimensional Kelvin model were determined for each axis of 
rotation of the head in such a way that scaled displacement time history matches strain time history of the brain 
tissue predicted by the Global Human Body Models Consortium (GHBMC) head-brain model. The convolution 
integral of the impulse response of the model was used to predict strain time history of the brain when an 
arbitrary rotational acceleration time history is applied to the head. The maximum value of the predicted strain 
was defined as a new brain injury criterion (Convolution of Impulse response for Brain Injury Criterion; 
CIBIC). Head rotational acceleration data were taken from a number of crash test data representing full frontal, 
oblique frontal and side impacts along with pedestrian impact simulation results to investigate correlation 
between the values of various brain injury criteria, including CIBIC, and the maximum principal strain from 
the head-brain model. 
The injury criterion proposed by this study, CIBIC, resulted in a better correlation with the predicted maximum 
principal strain of the brain relative to those proposed by past studies in all of the four crash configurations (R2 
ranging from 0.624 to 0.864). It was also found that the coefficient of determination was smaller for the impact 
conditions resulting in multiple or long-duration loading than other impact configurations representing single 
short-duration loading. 
 
 

 

INTRODUCTION 
 
Head injuries account for a significant percentage 
of fatal injuries due to traffic accidents. The data 
from the National Automotive Sampling System 
(NASS) Crashworthiness Data System (CDS) from 
2010 to 2014 and Pedestrian Crash Data Study 
(PCDS) from 1994 to 1998 show that the head 
respectively comprises 33% and 46% of all body 
regions sustaining Maximum Abbreviated Injury 
Scale (MAIS) in fatal accidents. The results 
present that head injury is the most frequent cause 
of death in both car and pedestrian crashes. Of 
those head injuries, brain injury accounts for 78% 
and 81% of the head injuries responsible for the 
death for the data from NASS CDS and PCDS, 
respectively, showing that mitigation of brain 
injury is crucial to further reduce the number of 
traffic fatalities. 
Brain injury consists of a number of different 
damage patterns, including brain contusion, 
epidural hematoma, subarachnoid hemorrhage, 

intracranial hemorrhage, diffuse axonal injury and 
subdural hematoma. Based on the tissue failure 
and anticipated injury mechanisms, those injury 
types can be classified into three major categories 
by the primary cause of injury; pressure and/or 
skull fracture (brain contusion, epidural 
hematoma), brain strain (subarachnoid hemorrhage, 
intracranial hemorrhage and diffuse axonal injury) 
and displacement relative to the skull (subdural 
hematoma). Classification of the brain injury data 
from NASS CDS and PCDS described above into 
these three categories showed that brain injuries 
primarily due to strain in the brain are by far most 
frequent, accounting for 81% and 73% of all brain 
injuries for the datasets from NASS CDS and 
PCDS database, respectively. For this reason, the 
current study focused on predicting strain in the 
brain using a motion-based injury criterion to be 
used with crash test dummies without 
representation of the brain. Holbourn et al. [1] 
hypothesized that the shear strain in the brain 
primarily due to the rotational acceleration of the 
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head is a predominant cause of brain damage due 
to large bulk modulus of the brain substance 
compared with its modulus of rigidity. In 
accordance with this assumption, it was decided to 
investigate a brain injury criterion based on the 
rotational motion of the head. 
A number of past studies have focused on the 
development of a brain injury criterion based on 
the rotation of the head. Kimpara et al. [2] 
proposed a combination of Rotational Injury 
Criterion (RIC) and Power Rotational Head Injury 
Criterion (PRHIC), where RIC and PRHIC are 
based on the formulation of Head Injury Criterion 
(HIC) proposed by Versace [3] and Head Impact 
Power (HIP) proposed by Newman et al. [4], both 
of which were essentially developed using an 
empirical approach. Takhounts et al. [5] 
hypothesized that rotational velocity, not rotational 
acceleration, is the mechanism for anatomic brain 
injuries, and proposed Brain Injury Criterion 
(BrIC) based on statistical analyses correlating 
tissue-level injury criterion predicted by human FE 
models with the kinematics-based measure. 
Although those proposals were tested against vast 
amount of experimental data, they are not 
necessarily based on mechanical characteristics of 
brain response. Yanaoka et al. [6] represented 
mechanical response of the brain with a linear 
spring, and hypothesized that the strain in the brain 
is proportional to rotational acceleration to propose 
Rotational Velocity Change Index (RVCI). Gabler 
et al. [7] subsequently represented brain response 
with the Voigt model (parallel combination of a 
linear spring and a dashpot) to develop iso-strain 
angular acceleration-angular velocity curves to 
clarify the influence of these parameters. Despite 
the fact that these studies attempted to come up 
with a generalized criterion derived from 
fundamental mechanics rather than using an 
empirical curve-fit against experimental data, the 
mechanical models used in these studies did not 
represent a generalized viscoelastic material. 
The objective of this study was to develop a 
motion-based injury criterion for brain injuries 
derived from the material response of the brain 
tissue, under the assumption that impact response 
of the brain tissue can be characterized by a 
standard linear solid. The idea behind the current 
development of a criterion was to use a generalized 
analytical solution of a simplified representation of 
the mechanical response of the brain, rather than 
choosing physical parameters used in the 
formulation of the criterion, as has been done in 
past studies. A Kelvin model (generalized linear 
solid) analogous to rotational response of a human 
FE head-brain model was identified, and the 

convolution integral of the impulse response of the 
identified model was used to predict strain in the 
brain. The maximum value was defined as a new 
brain injury criterion, and correlation between the 
peak value of maximum principal strain (MPS) in 
the brain and existing rotational brain injury 
criteria, including the one proposed by this study, 
was investigated in multiple loading configurations, 
including full frontal, oblique frontal and side 
impacts of a car as well as pedestrian impacts. 

METHODS 

Identification of Analogous 1D Model 
In this study, it was hypothesized that the peak 
value of MPS predicted by the Global Human 
Body Models Consortium (GHBMC) 3D FE head-
brain model developed by Mao et al. [8] (3D 
model) correlates with probability of brain injuries 
primarily due to strain in the brain parenchyma. As 
3D model represents the brain using a standard 
linear model, the material parameters for an 
analogous 1D Kelvin (standard linear) model (1D 
model) was identified to represent rotational 
response of 3D model. As the model represents a 
linear time-invariant system, the response to an 
arbitrary input is described in the form of 
convolution integral of the impulse response. 
Therefore, the material parameters for 1D model 
were determined such that the strain response of 
3D model to the impulse of rotational acceleration 
is represented by 1D model. 
Since the impulse (Dirac delta function) cannot be 
applied to 3D model, it was first assumed that a 
step function with a 1 ms duration well represents 
the impulse, and then the peak value of the 
response was compared against analytical solution 
to confirm validity of the choice of 1 ms. Figure 1 
shows the schematic of these models. Due to 
directional dependency of the rotational response 
of 3D model, the material parameters for 1D model 
(spring coefficients k1 and k2, damping coefficient 
c) were determined for each axis of rotation. In 
order to obtain a certain magnitude of strain, the 
magnitude of the step function was set at 10,000 
rad/s2. The mass was set at 1 kg for simplification. 
The material parameters were determined by 
minimizing root mean square error of the strain 
time history normalized by the peak value. Due to 
the use of a predetermined mass, the magnitude 
needed to be scaled such that the value predicted 
by 1D model coincides with the strain from 3D 
model for the same duration and magnitude of the 
step input using the ratio of peak values between 
the step responses from 1D and 3D models. 
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Convolution of Impulse Response for Brain 
Injury Criterion (CIBIC) 
The analytical solution of the impulse response of 
the Kelvin model as described in Figure 1 is given 
by the following formula: 
 

 
 (1) 
 
where 
 0, 		 ∈  

 (2) 
 	 	 	

 (3) 

 2 3  (4) 

 	 		 	 	 	  (5) 

 	 	 	 	 	 	 		 	 	 	  (6) 

 
 

 
 
Figure 1. Schematics of 3D (GHBMC head-brain) 
model and 1D (standard linear solid) model. 
 
The convolution integral of Equation (1) provides 
a strain time history for any given rotational 
acceleration time history for each of the rotational 
axes. Root mean square of the individual 
prediction for each of the three axes was used to 
estimate strain response to simultaneous 
application of rotational acceleration in three 
directions. As this assumes independence of the 
response in three directions, strain time histories 
from 3D model were compared between root mean 
square of individual response (RMS) and that 
obtained by applying rotational acceleration 
simultaneously in three directions (3D). The same 
step function as that used to identify 1D model (1 

ms duration, 10,000 rad/s2 magnitude) was 
employed. Figure 2 compares the two time 
histories of MPS, showing that RMS of each of the 
strain time histories in the three rotational 
directions provides reasonable approximation of 
the strain time histories in 3D head rotation. A new 
motion-based brain injury criterion proposed by 
this study (Convolution of Impulse response for 
Brain Injury Criterion; CIBIC) is given by the 
following formula: 
 ∑  (7) 

 
where i=1,2,3 represent the x, y and z axis and αi is 
rotational acceleration. This formulation simply 
approximates maximum strain in the brain, without 
choosing particular physical parameters and 
determining constants in the formulation by 
empirically correlating the measure against 
experimental data. 

 

Figure 2. Comparison of time histories of MPS. 

 

Correlation Analysis 
Predictive capability of CIBIC was evaluated by 
analyzing correlation between the peak value of 
maximum principal strain (MPS) from 3D model 
and CIBIC. Some of the existing criteria were also 
compared. Head rotational acceleration data were 
taken from a number of crash test data representing 
full frontal, oblique frontal and side impact test 
results along with pedestrian impact simulation 
results. Full frontal, oblique frontal and side 
impact test data were obtained from the National 
Highway Traffic Safety Administration (NHTSA) 
Vehicle Crash Test Database. By eliminating the 
tests for which a complete set of 3 linear and 3 
angular acceleration data is not available, 62 US 
NCAP full frontal tests at 56.3 km/h, 44 oblique 
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impact tests at 90 km/h (15 degrees of impact 
angle and 35% of overlap) and 53 US NCAP 
moving deformable barrier (MDB) side impact 
tests at 61.9 km/h were used. For all of these three 
impact configurations, head linear and angular 
acceleration time histories measured by the crash 
test dummy mounted on a driver seat were used. 
Due to the lack of such a publicly available crash 
test database for pedestrian impact, the time 
histories were obtained by running MADYMO 
impact simulations as conducted by Yanaoka et al. 
[6]. In their study, a pedestrian model representing 
50th percentile male was hit by a simplified car 
model for a sedan represented by a combination of 
a rigid surface and a linear spring. 36 pedestrian 
impact configurations were developed by applying 
L36 orthogonal array to the combinations of 
different levels of pedestrian gait cycle, pedestrian 
walking speed, pedestrian orientation, car speed, 
car deceleration and stiffness of the bumper, hood 
edge, hood and windshield. As the rage of the peak 
value of MPS obtained by the study was smaller 
than other impact configurations, this study 
developed an additional set of 36 impact 
configurations by following the same procedure 
and applying increased variability of car stiffness 
characteristics, and used the results of 72 
pedestrian impact simulations in total. For each 
case, CIBIC was calculated from the head 
rotational acceleration time histories using 
Equation (1), and MPS was calculated by applying 
the linear and angular time histories in the x, y and 
z directions to 3D model. Correlation between the 
peak value of MPS and each of the injury criteria 
was evaluated using coefficient of determination 
(R2). In addition to CIBIC, BrIC (Takhounts et al. 
[4]), RIC and PRHIC (Kimpara et al. [1]) and 
RVCI (Yanaoka et al. [6]) were compared. 

RESULTS 

Identification of Analogous 1D Model 
Table 1 shows the material parameters (spring 
coefficients k1 and k2, damping coefficient c) 
identified for the x, y and z axis. The scaling factor 
for each axis is also presented. Figure 3 shows the 
comparison of MPS time histories from 3D and 1D 
models when a step function (1 ms duration, 
10,000 rad/s2 or m/s2 magnitude) was applied. The 
results show that the initial peak was well 
represented by 1D model, while there are some 
discrepancies in a later phase of the response. In 
general, the response of 1D model tended to 
attenuate quicker than 3D model. When the 
material parameters presented in Table 1 were 
used, the peak strain calculated from the analytical 

solution of the impulse response was 0.18819, 
0.17346 and 0.25841, while that estimated by 1D 
model was 0.18808, 0.17334 and 0.25822, in the x, 
y and z directions, respectively. The difference 
between the analytical solution and the 1D model 
prediction was less than 0.1% for all directions 
(0.056%, 0.068% and 0.071% in the x, y and z 
directions, respectively), showing the validity of 
the use of 1 ms duration step function to 
approximate impulse input for the 1D model used 
in the current study. 
 

Table 1. Material parameters and scaling factor 
identified for 1D model 

Direction 

k1 

(kN/m) 

k2 

(kN/m) 

c 

(Ns/m) 

Scaling 

factor 

(1/m) 

x 12.76 22.67 129.1 0.00313 

y 16.39 31.63 120.4 0.00395 

z 17.04 47.52 74.40 0.00494 

 

Correlation Analysis 
Figures 4 through 7 show the correlation between 
the peak value of MPS from 3D model and CIBIC 
calculated from the rotational acceleration time 
histories using Equation (7) and material 
parameters in Table 1 for full frontal, oblique 
frontal, side and pedestrian impact configurations, 
respectively. Figure 8 shows the same plot 
containing all the data points. R2 was 0.828 for all 
data. Figure 9 illustrates the comparison of R2 
between different injury criteria, including BrIC, 
RIC, PRHIC, RVCI and CIBIC. CIBIC provided 
the largest value of R2 for all the impact 
configurations, while the value tended to be 
smaller for oblique frontal and pedestrian impacts, 
compared to full frontal and side impacts. 
  



Takahashi  5                     

 

Figure 3. Comparison of MPS response to 
impulse input between 1D and 3D models. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Correlation between peak MPS and 
CIBIC (full frontal impact). 
 
 

 

Figure 5. Correlation between peak MPS and 
CIBIC (side impact). 
 
 

 

Figure 6. Correlation between peak MPS and 
CIBIC (oblique frontal impact). 
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Figure 7. Correlation between peak MPS and 
CIBIC (pedestrian impact) 
 
 

 

Figure 8. Correlation between peak MPS and 
CIBIC (all data) 
 
 

 

Figure 9. Comparison of coefficient of 
determination. 

DISCUSSION 

This study developed an injury criterion, CIBIC, 
which was found to correlate with the peak value 
of MPS from a human FE head-brain model in 
multiple impact configurations, including full and 
oblique frontal impact, side impact and pedestrian 
impact. The unique feature of the proposed 
criterion is that it does not depend on any specific 
physical parameters and an empirical curve fit 
against experimental data, but simply describes an 
analytical solution of the brain response when 
linear viscoelastic response characteristics are 
assumed. The results of the correlation analysis as 
presented in Figure 9 clearly show the advantage 
of this concept. A similar approach can be found in 
Bandak et al. [9], where an injury assessment tool 
called a Simulated Injury Monitor (SIMon) was 
proposed to predict probability of brain injuries. 
This approach applies measured crash dummy 
responses to a simplified human FE model of a 
specific body region to analyze its detailed 
structural response, without relying on an 
empirical approach. Thanks to the use of 3D 
human FE model, Bandak et al. [9] employed three 
different injury metrics (Cumulative Strain 
Damage Measure; CSDM, Dilatation Damage 
Measure; DDM, Relative Motion Damage 
Measure; RMDM) to address different types of 
brain injuries primarily induced by deformation, 
pressure and motion relative to the skull, 
respectively. Although the current study focused 
only on the first type of brain trauma, a simple 
calculation of the analytical solution as described 
in Equation (7) was found to provide a reasonable 
approximation of the strain in the brain, with the 
advantages of much shorter computational time 
and easier handling of the assessment tool. 
The results of the correlation analysis presented in 
Figure 4 clearly showed that CIBIC works better 
for full frontal and side impacts compared to 
oblique frontal and pedestrian impacts. As shown 
in Figure 3, some differences of the impulse 
response were found between 3D and 1D models 
in the attenuation of the strain. As 1D model 
represents the same material response as that of the 
brain substance, this discrepancy would come from 
the simplification of the model, such as the lack of 
representation of the shape and boundary 
conditions of the brain, and the influence of the 
cerebrospinal fluid (CSF). In pedestrian impact, 
the head is subjected to long duration of low 
acceleration before it hits the surface of a car. In 
oblique frontal impact, the head may contact the 
top of the interior door trim panel, followed by 
contact against the roof liner. Due to the difference 
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in the attenuation of the strain, an error in the 1D 
model prediction would become larger as the input 
tends to be low magnitude-long duration and/or 
multiple. Figure 10 compares the time histories of 
MPS from 3D model with the prediction from 1D 
model (CIBIC). The initial peak was found to be 
accurately simulated, while the second peak was 
much lower for the 1D model prediction, probably 
due to the quicker attenuation of the strain 
predicted by 1D model as shown in Figure 3. 
Although this discrepancy requires further 
modifications, 3D model used in this study also 
needs to be further validated before modifying the 
injury criterion, since the validity of the brain 
injury criterion proposed by this study solely 
depends on the validity of 3D model against which 
brain rotational response characteristics were 
matched. 3D model requires further validations in 
terms of detailed geometry of specific components, 
material response (constitutive model and material 
parameters) and structural response. 
 
 

 

Figure 10. Comparison of time histories of MPS 
from 1D and 3D models. 

 

CONCLUSIONS 

A brain injury criterion was developed by 
assuming linear viscoelasticity of rotational 
response of the brain and using the convolution 
integral of the impulse response of the linear 
viscoelastic model. The criterion was found to 
better predict maximum principal strain of the 
brain predicted by an FE head-brain model in car 
and pedestrian impacts. 
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ABSTRACT 
 
Research suggests that a Motorcycle Autonomous Emergency Braking system (MAEB) could influence 25% of 
the crashes involving powered two wheelers (PTWs). By automatically slowing down a host PTW of up to 10 
km/h in inevitable collision scenarios, MAEB could potentially mitigate the crash severity for the riders. The 
feasibility of automatic decelerations of motorcycles was shown via field trials in controlled environment. 
However, the feasibility of correct MAEB triggering in the real traffic context is still unclear . In particular, 
MAEB requires an accurate obstacle detection, the feasibility of which from a single track vehicle has not 
been confirmed yet. To address this issue, our study presents obstacle detection tests in a real-world MAEB-
sensitive crash scenario. 
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INTRODUCTION 

When talking about Autonomous Emergency 
Braking applied to powered two wheelers (PTWs), 
one common issue raised both by researchers and 
users is the practicability of an abrupt 
deceleration deployed by the system without 
inputs from the rider. From a technical point of 
view though, in the light of current ABS systems, 
applying an automatic braking appears 
straightforward; the critical element is to perform 
a reliable obstacle detection from the single-track 
vehicle due to its physiological tilting. In this 
paper, we will present our findings regarding a 
test of obstacle detection in the real traffic while 
emulating the pre-crash phase of a real-world 
crash case. 
 
Background on MAEB 
A motorcycle AEB (MAEB) is a system that detects 
inevitable collision scenarios and deploys an 
automatic braking manoeuvre of the motorcycle 
(or more in general, the PTW) also without a 
direct braking input from the rider. The speed 
reduction at impact produced by MAEB could 
potentially mitigate the crash severity for the 
riders. 
 
According to previous studies, MAEB could 
influence approximately one fourth of the crashes 
involving PTWs [1]. The analysis of the effects of 
MAEB was conducted with 2D computer 
simulations of sets of real world crashes [2, 3]. 
These simulations showed that when assuming a 
conservative approach for the activation (namely, 
triggering after the collision becomes inevitable 
and limiting the target automatic deceleration to 
0.3 g when the rider does not apply any braking), 
the typical effect of MAEB is to reduce the impact 

speed of the motorcycle by 4 km/h (see Figure 1). 

In some cases, the theoretical impact speed 
reduction was up to 10 km/h. The authors also 
evaluated MAEB effects assuming: i) an ideal 
obstacle detection system; and ii) a more realistic 
system with limited field of view in terms of angle 
and range. The latter configuration was not found 
to limit MAEB influence except for a few cases [3]. 
An explanation derives from the criterion of 
inevitable collision state used for the triggering, 
which limits the system to intervene less than  
0.4 s before the actual collision. So at that point in 
time that the obstacle has already entered the 
field of view. 

 
Figure 1. Effects of MAEB in terms of estimated 

speed reduction vs. original speed at impact for the 

in-depth crash cases from three datasets [2]. 

Objective 
To the authors’ best knowledge, one missing 
component in the development of MAEB is a 
confirmation of the actual possibility of an 
accurate obstacle detection performed in the real 
world with sensors mounted on single track 
vehicles, which are characterized by non-
negligible roll angles also when travelling along 
straight segments of road. We questioned 
whether current technologies enable obstacle 
detection with sufficient detail for the purposes of 
MAEB triggering in real world crash situations. To 
contribute on that, our study presents obstacle 
detection tests in a MAEB-sensitive crash 
scenario. 

METHODS 

The obstacle detection systems analyzed in this 
study were an automotive LIDAR (reference 
system) and three sets of stereo cameras. We 
conducted several field experiments which 
progressively increased the level of realism up to 
involve data collection in real traffic. In the latter 
test, we emulated the pre-crash phase of a real 
world multivehicle crash involving a PTW (at the 
exact road location were the crash occurred). 
Finally, our results were compared against a 3D 
simulation experiment aiming to evaluate the 
performance of the imaging systems.  
 
Selection of the case study 
First, a suitable set of case studies were identified 
from a subset of cases extracted from InSAFE, the 
in-depth crash investigation database active in the 
area of Florence, Italy [4]. The criteria for a case to 
be considered in the study were the following: i) 
PTW colliding against another vehicle (car or van); 
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ii) a 2D reconstruction of the vehicles’ trajectories 
was available; iii) according to the results of a 
previous study [2], MAEB would have applied. 
For each selected case, details of MAEB activation 
were available from the cited study, including the 
time to collision (TTC) at which MAEB would have 
triggered, the reduction of speed at the impact 
produced by MAEB, and the position of the host 
PTW and opponent vehicle’s positions at the time 
of MAEB triggering.  
 
Drive-through test protocol 
The second step was to perform drive-through 
tests in the exact crash locations with an 
instrumented PTW and a test car for each selected 
case. In particular, we logged obstacle detection 
devices scanning the environment to check their 
capability to properly detect the heading of the 
opponent car for the purposes of MAEB. The 
vehicles were driven by the research investigators 
along the same trajectories that led to the 
collision. For the opponent vehicle speed, we 
adopted the same velocity as that in the crash 
case; a safety upper limit was set, based on the 
location and on the specific manoeuvre. The PTW 
speed was set lower than that in the real case to 
avoid an actual collision. Speed profiles were 
defined case by case to let the opponent vehicle 
move safely in front of the PTW. The PTW was 
maintained stationary when the case 
reconstruction was considered dangerous with a 
moving PTW (eg. stationary PTW at traffic light 
instead of moving PTW). Given the different speed 

profiles of the vehicles compared to the actual 
cases, the synchronization of the trajectories was 
done referring to the vehicles’ locations at MAEB 
triggering. These points were identified with 
computer simulations and marked on the spot for 
the drive through. Reconstructions in real traffic 
were attempted only for the cases in which actual 
vehicle trajectories were safe to be repeated and 
did not require any breach of road rules. For 
example, U-turn drive through tests were not 
conducted in the actual location if such 
manoeuvre was not allowed at the crash site. For 
some of the crash cases, surrogate tests were 
conducted in a parking lot for safety reasons.  All 
the tests were conducted in daylight and good 
weather conditions and in dry asphalt. This study 
was approved from the Human Research Ethics 
Committee of the University of Florence.  
 
Equipment 
The test PTW was an instrumented scooter 
(Malaguti Spidermax 500) equipped with inertial 
measurement unit (X-Sens), lidar (IBEO Lux), and a 
tailored imaging system consisting of six low-cost 
action cameras (Camkong). Both PTW and 
opponent car were equipped with DGPS units 
(GeoMax Zenith 20) for accurate position 
measurements. The imaging system is depicted in 
figure 2 (technical characteristics are given in 
Table 1).  
  
The imaging system is a rectilinear six camera rig 
which forms a trifocal stereo vision system.  
Optical and mechanical considerations for the 
fixation to the motorcycle frame to guarantee a 
proper performance of the imaging system were 
inspired from the agricultural field in with 
intelligent tractors deal with vibrations due to the 
irregularities of the terrain [5, 6]. The longer 
baseline (between cameras I and VI) is used to 
detect obstacles in a far range close to the PTW 
traveling axis. Cameras II and V measure the 
heading of frontal obstacles in a middle range 

Table 1. Optical features of the trifocal stereo 
vision system. 

Stereo 
pair 

Baseline 
distance 

Horizontal 
Field Of 

View 

Focal 
length 

I   & VI 597 mm 80 deg 1600 mm 

II  &  V 387 mm 110 deg 850 mm 

III & IV 149 mm 170 deg 950 mm 

 

 
Figure 2. Detail of the six cameras stereo rig 
anchored to the motorcycle frame by an inverted V-
shape steel support. The stereo rig was placed  
20 cm over the laser scanner, which is vertically 
aligned with the front wheel axle.  
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with a wider region than the previous pair of 
stereo cameras. The central cameras III and IV are 
used to measure the obstacle’s heading in the 
near field with a wider angle. A modification of 
the triggering switch of each camera allowed a 
hardware synchronization of the video footage 
(Figure 4). Videos were recorded in 1920x1080 
aspect ratio at 30 fps for post-processing 
purposes. Finally, a verification of the 
synchronization of the six videos was done using a 
simple clapboard and subsequent offline check 
with the Open Source Kinovea software.  
 
The aim of the experiment was to observe 
whether MAEB could have properly detected the 
opponent vehicle for the purposes of triggering 
the emergency braking. 
 
Our target was to measure the heading angle of the 
opposing vehicle in a real crash scenario occurred at 
an intersection, which requires peripheral 
perception. All the results presented in this paper 
will refer to the short range baseline (cameras III and 
IV). We will focus on the quality of the computed 
disparity maps because these are key to enable 
trajectory prediction of opposite vehicles without 
obstacle classification [7-11]. 3D point cloud 

reconstructions were generated from the 
information contained in the disparity maps and 
used as a measure to evaluate the quality of the 
disparity maps themselves obtained from our 
system.  
 
3D spatial measurement 
Aiming to quantify the level of accuracy of the depth 
measurement system in daily light conditions, we 
reserved part of our office green area to build a 
calibration scene with 3D landmark that can be used 
as a referencial ground truth. The landmarks showed 
in Figure 6 were carrefully measured with a laser 
range finder (Leica Disto D5) and measuring tape.    
 
Computer simulations 
The crash cases were also recreated in a virtual 
environment using the software PreScan (TASS 
International). The road network at the crash 
locations was reconstructed in terms of road 
geometry and obstructions (including pavement, 
buildings, poles, traffic signs, walls, trees) to 
mimic the actual crash environment Figure 3. The 
trajectories and speed profiles of the host 
motorcycles and opponent vehicles were 
reproduced according to the original InSAFE crash 
reports. This computer environment allowed 
obtaining a synthetic 3D ground truth image 
similar to the one of the real scene. The virtual 
environment allowed to test the sensing methods 
with different speed profiles including those 
which led to the actual collision.  

 
Figure 4. Wiring detail of the six cameras. On top: 
the circuital scheme. Below: a picture of a 
disassembled camera showing the location of the 
electrical connections. 

 

 
Figure 3. Comparison between the real 
environment and the PreScan environment in a 
crash location. 
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RESULTS 
 
The results of the stereo vision system will be 
presented  in sets of 4 images. From top to bottom: 
1) a rectified view taken from the left camera; 2) in 

gray scale the result of the dense disparity map 
calculation; 3) the 3D point cloud reconstruction of 
the scene; and 4) the top-view of the previous 3D 
point cloud showing the depth information of the 
scene. 
The black color in the disparity map express no or 
unreliable disparity, meaning that this part of the 
scene is out of the measurement range of the 
imaging system or that the texture cannot be 
distinguished by the Semi-Global Matching (SGM) 
algorithm. Light gray colors express a large 
disparity in the stereo pair, meaning that this part 
of the scene is near to the imaging system. 
  
Figure 5 illustrates the problem to properly 
determine the depth in top and bottom right 
corners. The non-uniform and abrupt transitions 
between black and white (noise) is an undesirable 
effect of depth ambiguities due to the similar 
texture of this zone. Specialized literature 
investigated this effects long time ago [6] and 
algorithms for urban scenes were developed [7].    

 
Refining the heading measurement 
To obtain the heading angle of the opposite 
vehicles in real traffic situations, we selected a 
small vehicle (Fiat Panda) assuming that smaller 
vehicles represent the worst case scenario for 
remote sensing.  

 
Figure 5. Static calibration scene. The 

measurement of this reference scene was 

performed in different light conditions. 

 
Figure 6. Top view scheme of the location of the 
landmarks. 
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We place detection markers along the surface of 
our test vehicle.  The detection markers are used 
as landmarks in the car itself (Figure 7, and more 
in Figures 11 and 12), allowing to use the same 
video frames of the cameras to conduct 

photogrammetric analysis and compare the 
heading angle measured from the stereo vision 
system and the laser scanner. 

The following three results show part of the 
calibration activity with the aim of refining the 
measurement of the heading angle.   

Stationary field testing   
This experiments were conducted with a stationary 
setup as used in the previos cases, but in the real 
traffic (Figures 13-15). As in this case much less 
information about the ground truth of the scene is 
known, we decided to analyze an urban roundabout 
in which the range of speed and trajectories are 
more homegeneus than in a normal intersection, 
contributing to our scope of sensing the heading of 
opposite vehicles.  
Figure 14 shows the detection of a second vehicle 
(a bus). As the bus is out of the range of 
measurement of this central baseline, only the 
frontal part of it was reconstructed. However the 
gap car-bus was well measured. In Figure 15, the 
whole bus is in the measurement range therefore 
we could measure the length of the vehicle (12 m) 
with our stereo system.  
 
Moving field measurements   
The following results refer to moving cameras 
mounted on our test PTW. The indesireable noisy 
effect in all the disparities maps concerning to the 
asfalt became more noticeable. This effect is 
produced by the motion blur of the cameras (see 
Figure 16). Further activity is required in the 
quantification of the vibrations at which the cameras 
are subjected because this effect is remarkable on 
PTWs in comparision with cars.     
In the following case (see Figure 17) we employed 
the well-defined box of the lorry to assess the 
heading and the measurement of a large planar 
surfaces.  
In the last measurement conducted with moving 
PTW (Figure 18), we verify that narrow road users 
can be properly detected with the stereo vision 
system. In the disparity map it can be seen that 
both PTWs in the scene are well measured; the 
lorry appears in the edge of the range of 
measurement; the ground surface appears noisy. 
The scooter on the left appears very well defined. 
This is because the relative velocity with the host 
PTW is almost zero and from the point of view of 
the imaging system it is similar to a static object. 
On the contrary, the PTW on the right side is 

 
Figure 7. Measurement of the heading angle of the 

Opposite Vehicle (OV). In this sequence, our test car 

include 5 visible detection markers (10 cm diameter). 
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parked in the curb and the relative velocity 
corresponds to the velocity of the host PTW (40 
km/h). Notwithstanding, it is also measured well 
as it can be seen from the disparity map and from 
two perspectives of the point cloud 
reconstruction. 
 
Test case description (crash ID86) 
With the given selection criteria 11 PTW crash 
cases were identified from InSAFE. The present 
paper focused on one case, the InSAFE ID86 
(Figure 9). The crash occurred on a rainy and 
cloudy afternoon. The opponent vehicle was a 
FIAT Multipla and the driver was approaching a 
crossing, without priority, coming from the left 
side of the PTW. The Aprilia Sportcity rider, with 
priority on the driver, went straight at the 
crossing. The rider and the driver were travelling 
at 55 km/h and 30 km/h, respectively. No mobile 
or fixed obstacles obstructed the drivers’ field of 
view. The driver did not halt at the stop sign and 
passed through. Around 1 second before the point 
of impact, the rider took a pre-impact avoiding 
action, thus slowing down up to 45 km/h with an 
estimated acceleration of -2.8 m/s2, applied 1 s 

before the impact.  The PTW collided frontally 
with the right side of the opponent vehicle. The 
rider was wearing an open face helmet during the 
crash and suffered head (MAIS2) and spinal 
injuries (MAIS2).For this particular case, the 
activation of the Emergency Braking would have 
occurred 7.2 m to the collision point. The case was 
analyzed considering the PTW located at a distance 
of 8 m from the point of collision.  
 

 

 

Figure 9.  PTW and opponent vehicle final 
positions (top) and impact configuration 
(bottom). 

 

Figure 8.  Relative position coordinates (top) 
and other state parameters (bottom) of the 
opponent vehicle detected from the 
laserscanner -  case ID86.  
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The laserscanner was able to detect the position 
coordinates of the opponent vehicle (see Figure 8). 
However, the heading angle of the opponent vehicle 
was not correctly measured by the laserscanner, 
which produced erratic oscillations between 10 
degrees and 90 degrees (not shown in the figure). 

The results depicted in Figure 10 focus on the stereo 
analysis of the wider field of view of the artificial 
vision system. From top to bottom, we can see one 
rectified image of the scene, its disparity map and a 
detail of the depth measured from the virtual 
environment. The disparity map computed from the 
stereo cameras is noisy, due to the motion of the 
host vehicle. However it is possible to identify an 
homogeneous volume corresponding to the lateral 
part of the opponent vehicle, from which heading 
angle can be estimated. 
 

CONCLUSIONS 
 
The encouraging preliminary results of the stereo 
vision approach suggest that such application of 
stereo vision is suitable to address this kind of 
common PTW crashes at intersections. The 
tremendous evolution of camera sensors present 
in mobile phone and portable devices industry 
makes stereo vision technology attractive for the 
motorcycle field. In fact, even if cameras cannot 
measure objects through fog or rain, PTW crashes 
often occur in good visibility conditions.  
Several remarks about the degradation of the 
disparity map were pointed out during the 
presentation of the results. Further activities to 
address these issues are warranted to improve 
real world applicability.  
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Figure 11. Measurement of the heading angle of 
the Opposite Vehicle (OV). In this sequence, our 
test car include 5 visible detection markers (10cm 
diameter). 

 

 

Figure 12. Measurement of the heading of the OV. 
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Figure 13. Measurement of the heading of the OV. 

 

 

 

 

 

 

 

 

Figure 14. Measurement of two vehicles. 
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Figure 15. Heading of big obstacles. 

 

 

 

 

 

 

 

Figure 16. Measurement of other PTW entering 
traffic. 
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Figure 17. Measurement of a large obstacle. 

 

 

 

 

 

Figure 18. Measurement of two narrow objects. 
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ABSTRACT 
 
This project developed fit envelopes representing the space occupied by small, medium, and large rear-facing and 
forward-facing child restraints that can be used as tools for promoting compatibility between vehicles and child 
restraints. The approach applies the envelope method used by the International Standards Organization (ISO) to 
the US market, by considering the range of child restraint sizes in the 2014 US market and the more commonly 
used method of installation with flexible LATCH. 
 
Thirty-one child restraints representing a range of sizes, manufacturers, and product types were scanned and 
installed in vehicles (Klinich et al. 2015). The installed positions of the child restraints were measured in ten late 
model vehicles. A comparison of the installed positions of the child restraints in vehicles was done virtually using 
Hypermesh. Starting with the envelope geometries used by the ISO, envelope shapes were modified to represent 
small, medium, and large rear-facing and forward-facing child restraints. When possible, envelope dimensions 
were harmonized with the ISO envelopes. To promote compatibility, child restraints should be able to fit in one or 
more applicable envelopes at an acceptable orientation when the envelope is rotated 15 degrees relative to 
horizontal (to represent installed orientations on a typical vehicle seat cushion angle.)  To promote compatibility 
from the vehicle side, at least one rear-facing and one forward-facing envelope should be able to be installed in 
each vehicle rear seating position. Although the evaluation of fit can be performed virtually using computer-aided 
design, physical representations of the envelopes were also constructed. Test procedures have been drafted to 
describe setup of vehicles, child restraints, and the evaluation process.  
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INTRODUCTION 

Motivation 
Caregivers often struggle to correctly install child 
restraints in their vehicles. Child restraint installation 
errors occur frequently, as documented in 
laboratory studies and observational field studies 
(Decina and Lococo 2005, Decina and Lococo 2007, 
Dukehart et al. 2007, Greenwell 2015, Jermakian et 
al. 2014, Klinich et al. 2013a, Klinich et al. 2013b, 
Klinich et al. 2010, Koppel and Charlton 2009, 
Mirman et al. 2014, Tsai and Perel 2009). In some 
cases, difficulties arise because some combinations 
of child restraints and vehicles are incompatible. 
Examples of incompatibilities include: 

• Interference between the head restraint and 
forward-facing child restraint systems (FF CRS) 

• Highly contoured vehicle seat cushions that do 
not permit the CRS to have firm contact with the 
seat 

• Gaps between the back or base of the CRS and 
vehicle seat cushion or seatback because of 
incompatible geometries 

• Rear-facing (RF) CRS cannot be installed at 
correct angle because of interference with the 
vehicle front seat 

• Seatbelt or LATCH belt cannot be adequately 
tightened because of geometric 
incompatibilities between the CRS belt path and 
the vehicle anchor geometry 

• CRS cannot be installed in adjacent vehicle 
seating positions. 

These issues are not likely to subside, particularly in 
light of the trend to keep children seated in child 
restraints longer. In 2011, the National Highway 
Traffic Safety Administration recommended that 
children remain rear-facing as long as possible, and 
the American Academy of Pediatrics recommended 
that children remain rear-facing at least through 
their 2nd birthday. They also recommend keeping a 
child in a forward-facing harnessed restraint as long 
as possible before switching to a belt-positioning 
booster seat. In response, child restraint 
manufacturers have redesigned RF CRS to 
accommodate larger children; maximum RF weight 

limits frequently reach 16 or 18 kg. Many FF CRS 
29ow have upper weight limits of 20 kg or more. 
Another factor that could potentially increase the 
size of CRS is the proposal to modify FMVSS No. 213 
to add side impact testing procedures. At the same 
time, fuel economy requirements are motivating 
vehicle manufacturers to reduce vehicle size and 
mass. As a result, rear seat compartment space can 
become smaller. 

ISO Fit Envelopes 
The International Standards Organization has 
developed procedures to try and match the size of 
CRS with the available interior volume of vehicle 
seats to help inform consumers’ purchasing choices 
and to aid in vehicle and CRS design decisions. 
TC22/SC36/WG2 (formerly TC22/SC12/WG1) issued 
ISO 13216-3:2006(E) (ISO 2006) to define a 
classification system for child restraints and vehicles 
that helps consumers choose CRS and vehicles that 
are dimensionally compatible. The standard defines 
eight envelopes: three for rear-facing CRSs, three for 
forward-facing CRSs and two for car beds. 
Modifications to the standard to add three 
envelopes for booster seats have been recently 
proposed (ISO, 2017). 

A previous study (Hu, et al 2015) used computer 
simulation to evaluate the FF and RF ISO 13216-
3:2006(E) envelopes relative to rear seat 
compartments from vehicles and CRS in the U.S. 
market. Three-dimensional geometry models for 26 
vehicles and 16 convertible CRS developed 
previously were used. Geometric models of three 
forward-facing and three rear-facing CRS envelopes 
prescribed by the ISO were constructed. A virtual fit 
process was developed that followed the physical 
procedures described in the ISO standards. The 
results showed that most of the RF CRS could fit in at 
least one of the current ISO RF envelopes, but that 
half of the FF CRS evaluated could not fit in any of 
the FF envelopes. From the vehicle perspective, 
vehicles could usually accommodate most of the FF 
envelopes. However, most vehicles evaluated could 
accommodate the smallest RF ISO envelope, but not 
the largest. 
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These results indicate that the current ISO envelopes 
could not be used to assess the range of vehicle and 
child restraint products available in the US due to 
differences in product shapes. While the FF ISO 
envelopes fit in the vehicles, FF US child restraints 
often do not fit in the envelopes. The smallest RF ISO 
envelope fit in most vehicles, but very few RF CRS fit 
in this envelope.    

This previous project concluded that the ISO fit 
envelopes are not entirely compatible with the 
range of child restraint products available in the US. 
As a result, the current project was conducted to 
determine how to adapt the ISO envelope method 
for the US market.  

Objectives and Approach 
The objective of this project is to develop CRS fit 
envelopes that would allow improved compatibility 
between US vehicles and CRS using a procedure 
modeled after the ISO envelope strategy. The 
following steps were taken to achieve this goal: 

1) A total of 31 CRS contours were digitized.  
2) Ten 2012-2014 vehicle rear seats were digitized 

to capture seat contours and key reference 
points in rear seats.  

3) Multiple CRS restraints were installed in the rear 
outboard positions of the scanned vehicles using 
LATCH and the location of key landmarks was 
recorded to provide information on realistic 
positioning of CRS and envelopes within vehicle 
seats. 

4) A set of CRS fit envelopes representing the 
range of typical US CRS was developed, with an 
effort to harmonize with some dimensions of 
the ISO fit envelopes.  

5) Features on the envelopes were included that 
allow physical and virtual installation into a 
vehicle using flexible LATCH. 

6) Physical versions of the CRS fit envelopes were 
constructed.  

7) A procedure for installing the fit envelopes into 
vehicles was developed that allows both 
physical and virtual installation in vehicles and 
considered the installed orientation and 

position of the child restraints installed in step 
3. 

8) The envelopes and procedures were used to 
assess fit of CRS within the envelope and the fit 
of the envelopes within the vehicle.  

METHODS 

CRS Installations 
The first part of the project involved documenting 
the position and orientation of child restraint 
systems (CRS) installed in the second rows of 
vehicles. Klinich et al. (2015) describe the methods 
and results for initial part of the study that resulted 
in a database of 486 installations. Thirty-one 
different CRS were evaluated, selected to provide a 
range of manufacturers, sizes, types, and weight 
limits. Eleven CRS were rear-facing only, fourteen 
were convertibles, five were combination restraints, 
and one was a booster. Ten top-selling vehicles were 
selected to provide a range of manufacturers and 
body styles: four sedans, four SUVS, one minivan, 
and one wagon. CRS were marked with three 
reference points on each moving component. The 
contours and landmarks of each CRS were first 
measured in the laboratory. Vehicle interior 
contours, belt anchors, and LATCH anchors were 
measured using a similar process. Then each CRS 
was installed in a vehicle using LATCH according to 
manufacturers' directions, and the reference points 
of each CRS component were measured to 
document the installed orientation. Seven CRS were 
installed in all vehicles, while the remaining twenty-
four CRS were divided into three groups, each tested 
in three or four vehicles.  
 
Envelope Design Process 
The geometric data for each vehicle and CRS were 
imported into Hypermesh software for processing. 
The measured coordinates of the CRS reference 
points were used to orient the CRS geometry 
appropriately in each vehicle. The H-point of the 2L 
seating position was used as the origin for each 
vehicle. The reference points measured on each 
installed CRS were used to position the CRS scan 
relative to each vehicle seat contour; this process 
accounts for deformation of the vehicle seat during 
the installation process. An example is shown in 
Figure 1. 
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Figure 1. Example of CRS geometry positioned 
relative to seating position using reference 
coordinates.  
 

The design of fit envelopes began using rear-facing 
installations. Of the ten vehicles, installations in four 
vehicles, which allowed inclusion of all rear-facing 
products, were considered for designing the fit 
envelopes. The two vehicles with the highest and 
lowest cushion and seatback angles, plus two 
vehicles with intermediate angles, were chosen to 
evaluate the installed RF CRS conditions. For these 
installations, only installations with the correct angle 
were used, and no particular RF CRS was an “outlier” 
in terms of its installed position.  

The first step was to compare the installed CRS 
profiles and orientations to the ISO R1, R2, and R3 
envelopes while positioning the envelope in an 
“installed” configuration. Figure 2 shows a 
comparison of installed CRS profiles with the R3 ISO 
envelope. For the 25 RF CRS measured, none fit in 
R1, one fit in R2, and seven would fit in R3 if the 
envelope was about 1 cm wider. 

The next step was to “stretch” the R3 box until it 
encompassed all of the installed RF child restraints, 
excluding any carry handles. An example of this 
envelope is shown in Figure 3. After considering 
various envelope iterations, three RF envelopes 

were established. RS consists of the ISO R1 
dimensions plus 1.5 cm wider, and generally fits RF 
CRS without the base. RM consists of ISO R3 
dimensions plus 1.5 cm wider, while RL is designed 
to encompass the larger CRS currently being sold in 
the US. 

 

Figure 2. Installed RF CRS positions in four 
vehicles compared to the ISO R3 envelope.  

 

Figure 3. Envelope design that fits around RF CRS 
 

For the forward-facing installations, all of the CRS 
could be installed tightly in the vehicle. However, in 
some cases, there was a gap between the CRS and 
vehicle seatback, most often because of a reclined 
CRS position or a protruding vehicle head restraint. 
When choosing which FF installations to use to 
develop the FF envelopes, installations with a 
substantial gap were not included. Although a gap is 
allowable, it is not desirable.  For each vehicle, 
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reference points representing a 50 mm gap 10 cm 
below the top of the vehicle seatback and a 100 mm 
gap 10 cm above the H-point were virtually marked. 
Figure 4 and Figure 5 illustrate unacceptable gap 
levels when determining whether particular 
installations should be included in the envelope 
development, while Figure 6 shows installations 
where the lower gap is considered acceptable. 

 

Figure 4. Lower gap too large (greater than 100 
mm) 

 

Figure 5. Upper gap too large (greater than 50 
mm) 

 
Figure 6. Lower gap acceptable (less than 100 
mm). 
 

For the design of the forward-facing envelopes, 
installations from the same four vehicles with 
acceptable gaps were considered. The installed 
positions of the FF CRS were compared to the 
profiles of the ISO F1, F2, and F3 envelopes. Figure 7 
compares the installations to the ISO F3 profile. For 
the 21 FF CRS measured, one fit in F2 and F2X, and 
five fit in F3 if the envelope was about 1 cm wider. 
Therefore, the design of the smallest FF envelope 
uses the dimensions of the ISO F3 profile, but is 1.5 
cm wider (FS). Two other FF envelopes were 
developed to have a similar wider width than the FS 
envelope, but different heights to span the range of 
FF US product sizes.  

  
Figure 7. CRS installations in four vehicles 
compared to the ISO F3 envelope. 
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Figure 8. IISO F3 envelope “stretched” to fit 
around acceptable FF CRS installations in four 
vehicles. 
 
Belt Path and Tether Zones 
While the main goal of the envelopes is to promote 
compatibility between shapes of CRS and vehicles, 
achieving compatibility between LATCH belt paths 
and the vehicle lower anchors can also be 
considered. In addition, a means of securing the 
physical envelopes in the vehicle using flexible 
LATCH is needed, as the rigid LATCH anchors used 
with the ISO envelopes are not common in the US. 

When the CRS were installed in the vehicles, the 
locations of the lower anchors and the point on the 
CRS where the LATCH belt first contacted the child 
restraint were measured. The distance between the 
lower anchors and the belt path contact point, as 
well as the angle relative to horizontal, were 
calculated for each installation. Klinich et al. (2015) 
report details on how the distance and angle 
between lower anchor and belt path contact point 
vary with CRS and vehicle. Based on these reported 
values, attachment points for flexible LATCH anchors 
on the envelopes were chosen to be near the center 
of the angle range on the belt path zone, but also 
close to the frame support of the envelope so they 
could be physically mounted to a rigid component. 
For the RF envelopes, the point produces an angle of 
48 degrees and a distance of 136 mm, while for the 
FF envelopes, the point produces an angle of 62 

degrees and a distance of 175 mm. The attachment 
points consider a vehicle cushion angle of 15°. In 
addition, a target zone for belt path contact point is 
included on each envelope, spanning angles from 
37° to 57° on the RF envelopes and 50° to 70° on the 
FF envelopes. To improve compatibility, the belt 
path or flexible LATCH attachment point should fall 
within these target zones. 

Because flexible LATCH is being used to secure the 
envelopes in vehicles to evaluate compatibility, the 
forward-facing envelopes should also include a 
tether strap. Figure 9 shows the profiles of the three 
FF envelopes, overlaid with the tether attachment 
points from each CRS install. A tether location 
marked with an X was selected to represent a 
common location that could be used with all three 
envelopes. 

                                                                 

 

Figure 9. Tether location that can be used with all 
three envelopes representing common 
attachment location marked with X. 
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RESULTS 

Diagrams of the final envelope designs are 
shown in Figure 10 for the FF designs and Figure 
11 for the RF designs. Drawings for the designs 
can be downloaded from 
deepblue.lib.umich.edu.   

 

Figure 10. Final dimensions of FF envelopes 

.

 
Figure 11. Final dimensions of RF envelopes. 
 

Compatibility Assessment 
Checking for CRS fit into the envelopes or fit of the 
envelope volume shape into vehicle seating 
positions can be done virtually using CAD or 
physically using the sets of modular fixtures 
developed to represent the envelopes and described 
by Klinich et al. (2015). Results below are based on 
testing with the physical envelopes.  

Twenty-six RF CRS were evaluated in the RS, RM, and 
RL envelopes. Key criteria for assessing fit in RF 
envelopes were that: 

• The CRS could be placed in the envelope. 
• CRS was at an acceptable angle. Tolerance of +/- 

5 degrees was used if angle was judged using a 
horizontal line. 
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• The bottom surface of the CRS did not extend 
past the edge of the envelope base. 

• The bottom surface of the CRS contacted the 
envelope base. 

• Handle fit in at least one position usable for 
travel, but not all. 

• RF belt path aligns with target belt path zone. 

Results are shown in Table 1. The main reasons for 
not fitting were that the CRS was too big to fit in the 
envelope, the CRS could not fit in the envelope at an 
acceptable angle, the CRS had insufficient contact 
with the bottom of the envelope, or the CRS was too 
wide to fit.  

Twelve CRS did not fit in any of the envelopes. One 
CRS fit in the small envelope under all 
configurations. Four others fit in the small envelope 
without the base, but in the RM envelope when the 
base was used.  Five CRS fit in the RM envelope and 
four others fit in the RL under all configurations.  

Twenty-one FF CRS were evaluated in the FFCRS 
envelopes. Criteria for assessing fit include: 

• The CRS could be placed in the envelope. 
• CRS was at an acceptable angle. 
• The bottom surface of the CRS did not extend 

more than 4 cm past the lateral open edge of 
the envelope base. 

• The bottom surface of the CRS contacted the 
envelope base. In addition, the bottom structure 
of the CRS did not extend past the bottom 
angled portion of the envelope 

• Gap less than 50 mm at upper location and less 
than 100 mm at lower location. 

• FF belt path aligns with target belt path zone 
 

Results are summarized in Table 2. If a cell contains a 
number, that is the amount (in cm) that the CRS 
overhangs the edge of the envelope. Reasons why 
CRS did not fit were too big to fit in envelope, 
insufficient bottom contact (IBC), a lower gap 

greater than 100 mm (LG>100), or an upper gap 
greater than 50 mm (UG>50). 

Two FF CRS fit in the FS envelope and three others fit 
in the FM envelope. Four more CRS fit in the FL 
envelope.  Eleven CRS did not fit into any envelopes 
under all configurations. One CRS (equipped with 
rigid LATCH) fit in the envelopes but its belt path did 
not overlap with the targeted corridors. 

Results from assessing vehicle rear seats are shown 
in Table 3 for the RF envelopes and Table 4 for the FF 
envelopes. Key criteria for assessing fit were: 

• Front seat placed at mid track position with a 
seat back angle of 23 degrees. 

• Envelope base could be installed in vehicle and 
move less than 25 mm when a 40 lb lateral force 
is applied at the point where the flexible LATCH 
is anchored. 

• Envelope tips laterally less than 5 degrees from 
vertical. 

• Has no interference with front seat. 
• Has no interference with lateral components 

(and rear door can be closed.) 
• For RFveh, bottom of envelope must be 10-20 

degrees from horizontal about the lateral 
vehicle axis. 

• For FFveh, gap of less than 50 mm at top edge of 
base module. 

All vehicles evaluated could fit the RS and FS 
envelopes in the rear seat. All but the Chevrolet 
Cruze could fit the RM and FM envelopes. For the 
RLveh envelope, only the Ford F150, Subaru Outback 
and Toyota Sienna could accommodate it. All of the 
other vehicles had interference with the front seat, 
while the Hyundai Elantra also had interference with 
the B-pillar. For FL, all vehicles could accommodate it 
except for the Cruze and the Ford Focus. 
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Table 1. Evaluation of RF CRS in envelopes. 
Brand Model RS RM RL 

Baby Trend Flex-Loc, with base (min and max) Too big √ √ 
Baby Trend Flex-Loc, without base (min and max) √ √ √ 
Britax Boulevard CS Too big Wide IBC 
Britax B-SAFE, with base Too big √ √ 
Britax B-SAFE, without base Angle √ √ 
Chicco KeyFit 30, with base Angle √ √ 
Chicco KeyFit 30, without base Angle √ √ 
Chicco KeyFit, with base Too big √ √ 
Chicco KeyFit, without base Angle √ √ 
Compass True Fit, R1 (min) Angle Angle IBC 
Compass True Fit, R2 (max) Too big Angle IBC 
Cosco Comfy Carry, with base Too big √ √ 
Cosco Comfy Carry, without base √ √ √ 
Eddie Bauer Deluxe 3-in-1 width Width IBC, width 
Evenflo Nurture, with base Too big √ √ 
Evenflo Nurture, without base IBC √ √ 
Evenflo Symphony, R1 (min) Too big Angle √ 
Evenflo Symphony, R2 (max) Too big Too big √ 
Evenflo Tribute LX Angle Angle IBC 
Evenflo Triumph Advance Too Big Angle Width 
Graco Comfort Sport Too big Angle Angle 
Graco My Ride 65 Too big √ √ 
Graco SnugRide Classic Connect 35, base Too big √ √ 
Graco SnugRide Classic Connect 35, no base √ √ √ 
Graco SnugRide Classic Connect, base Too big √ √ 
Graco SnugRide Classic Connect, no base √ √ √ 
Maxi-Cosi Mico, with base Too big Too big √ 
Maxi-Cosi Mico, without base Angle √ √ 
Maxi-Cosi Prezi, R1, with base (min) Too big IBC √ 
Maxi-Cosi Prezi, R1, without base (min) IBC Angle √ 
Maxi-Cosi Prezi, R2, with base (max) Too big IBC √ 
Maxi-Cosi Prezi, R2, without base (max) IBC Angle √ 
Maxi-Cosi Pria, R1 (min) Angle IBC √ 
Maxi-Cosi Pria, R2 (max) Too big √ √ 
Orbit Baby Toddler Car Seat Too big Too big Width 
Peg Perego Primo Viaggio SIP, with base Too big Width Width 
Peg Perego Primo Viaggio SIP, without base Too big IBC IBC 
Recaro ProRIDE Width Width IBC 
Safety 1st Alpha Omega Elite Too big Angle IBC, width 
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Brand Model RS RM RL 
Safety 1st Guide 65 Sport, R1 √ √ √ 
Safety 1st Guide 65 Sport, R2 √ √ √ 
Safety 1st Scenera Angle Angle Angle 
Sunshine Kids Radian 80SL IBC IBC IBC 

 
Table 2. Evaluation of FF CRS in envelopes. 

Brand Model FS FM FL 
Eddie Bauer Summit, R1 (min) Too Big 15.5 15.5 
 Summit, R3 (max) Too Big Too Big Too Big 
Britax Frontier 85, R1 (min) IBC 2 2 
 Frontier 85, R2 (max) Too big Too Big LG>100 
Orbit Baby Toddler Car Seat Too big Too big 3 
Sunshine Kids Radian 80SL LG> 100 UG>50 √ 
Compass True Fit Too big √ √ 
Britax Boulevard CS, R1 (min) Too big Too big LG>100 
 Boulevard CS, R2 (max) Too big Too big IBC 
Evenflo Triumph Advance, R1 (min) Too big LG>100 LG>100 
 Triumph Advance, R2 (max) Too big LG>100 LG>100 
Evenflo Symphony, R1 (min) Too big 5.5 4.5 
 Symphony, R3 (max) Too big IBC √ 
Graco Comfort Sport Too big 4 4 
Safety 1st Alpha Omega Elite, R1 (min) IBC 6.5 5.5 
 Alpha Omega Elite, R2 (max) Too big IBC LG>100 
Eddie Bauer Deluxe 3-in-1, R1 (min) Too big 7.5 6 
 Deluxe 3-in-1, R2 (max) Too big IBC LG>100 
Safety 1st Scenera 1.25 1.25 1.25 
Maxi-Cosi Rodi Fix, R1 (min) LG> 100 √ √ 
 Rodi Fix, R4 (max) Too big Too big LG>100, UPUG 

UG>50 
Baby Trend Trendz FastBack 3-in-1 Belt path Belt path Belt path 
Graco Argos 70, R1 (min) 5.5 5.5 5 
 Argos 70, R3 (max) Too big Too big IBC 
Maxi-Cosi Pria, R1 (min) IBC Belt path Belt path 
 Pria, R2 (max) Too big IBC LG>100 
Safety 1st Guide 65 Sport Too big Too big √ 
Evenflo Tribute LX 4 4 4 
Graco My Ride 65 Too big Too big √ 
Recaro ProRIDE Too big Too big LG>100 
The First Years True Fit SI Too big Too big LG>100 
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Table 3. Vehicle assessments with RFveh 
envelopes 

 Front seat at mid track, seatback 
at 23 degrees 

 RS RM RL 
Chevrolet 
Cruze 

√ FSI FSI 

Ford Escape √ √ FSI 
Ford F150 √ √ √ 
Honda Pilot √ √ FSI 
Hyundai 
Elantra 

√ √ FSI, LCI 

Nissan 
Sentra 

√ √ FSI 

Subaru 
Outback 

√ √ √ 

Toyota 
Camry 

√ √ FSI 

Toyota 
Sienna 

√ √ √ 

FSI: front seat interference  LCI: lateral component 
interference 

Table 4. Vehicle assessments with FFveh 
envelopes 

 Front seat at mid track, seatback 
at 23 degrees 

Vehicle FS FM FL 
Chevrolet 
Cruze 

√ LCI LCI 

Ford Escape √ √ √ 
Ford F150 √ √ √ 
Ford Focus √ √ LCI 
Honda 
Accord 

√ √ √ 

Hyundai 
Elantra  

√ √ √ 

Nissan 
Sentra 

√ √ √ 

Subaru 
Outback 

√ √ √ 

Toyota 
Sienna 

√ √ √ 

FSI: front seat interference  LCI: lateral component 
interference 

DISCUSSION 

In Europe, child restraint fit envelopes are used to 
check that vehicle rear seats can accommodate 
particular volumes representing small, medium, and 

large RF and FF child restraints. The same envelope 
dimensions are used to check the sizes of child 
restraints. Information is provided to consumers 
regarding the size their child restraint fits in and the 
size their vehicle accommodates so they can choose 
products with greater likelihood of installation 
compatibility. 

The same approach was adopted with consideration 
for the US market. Child restraints meeting 
requirements of the February 2014 FMVSS 213 
requirements were selected and measured to 
provide a range of child restraint sizes, types, and 
manufacturers. Their positions in ten late model US 
vehicles were recorded. These data were used to 
design fit envelopes representing the space occupied 
by small, medium, and large rear-facing and 
forward-facing child restraints that can be used as 
tools for promoting compatibility between vehicles 
and child restraints. 

When envelopes were designed, the installed 
position of the CRS was considered. As described in 
more detail in a companion paper to this report 
(Klinich et al. 2015), the orientation of different CRS 
can vary substantially across vehicles. The design of 
the RF envelopes only included products that could 
be installed at an acceptable angle. The design of the 
FF envelopes did not include products that had an 
excessive gap between the seatback and CRS. 

Once the installed position of the CRS was 
considered, the US CRS did not fit within the ISO 
envelopes that were evaluated relative to the US 
market in a previous study (Hu et al. 2015). It is not 
sufficient to align the base of the child restraint with 
the base of the envelopes, because the CRS might 
need to be shifted to be in a position that is at an 
angle acceptable for use. 

Instead, new envelopes were designed that included 
efforts to harmonize dimensions between the US 
and ISO envelopes. The RS, RM, and FS envelopes 
share most of the side profile dimensions with the 
ISO R1, R3, and F3 envelopes. However, the RS and 
FS envelopes are about 1.5 cm wider, while the RM 
envelope is about 4 cm wider. All of the ISO 
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envelopes have the same lateral width, while the RS 
and RS US envelopes have narrower widths than the 
larger sizes. Many of the FF CRS still were too wide 
relative to the final design of the FL envelope.  

One of the limitations of this analysis is that it did 
not assess the entire range of available child 
restraints and vehicles. However, the child restraints 
were selected to provide a range of manufacturers 
and dimensions. Vehicles selected are commonly 
used by families, and provided a range of seat 
characteristics.     

CONCLUSIONS 

This project adopted the ISO approach of using fit 
envelopes to promote compatibility between US 
child restraint systems and vehicles. Six envelope 
geometries were developed: RS, RM, RL, FS, FM, and 
FL. Products can be evaluated using virtual or 
physical representations of the envelopes. 
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ABSTRACT 
A vehicle-pedestrian impact is a complex phenomenon in which a large number of variables take part 
simultaneously determining the injury severity of the pedestrian.  
Statistical techniques were applied to data from 43 pedestrian accidents that occurred in Madrid, following a 
similar approach to the one applied in previous publications from authors. In this case, however, the general 
research objective has been oriented to model the pedestrian head injury severity as a function of the head 
impact speed instead of the pedestrian impact speed, and a reduced number of independent variables that 
affect the pedestrian impact kinematic. In previous studies authors have estimated the head injury severity 
using the pedestrian impact speed. The results of this paper are focused on analyzing variations on head 
injury severity estimations considering both the head impact speed and the pedestrian impact speed (vehicle 
speed); and the pedestrian impact kinematic variables influencing these variations. 
As a specific objective of this research the previous methodology has been applied to review thoroughly the 
results about the potential influence of several autonomous emergency braking systems (AEB) estimated in 
the previous paper of authors. 
The vehicle-pedestrian collisions have been in-depth investigated following a common methodology, 
including on the spot data collection, analysis and reconstruction to estimate the pedestrian impact speed, 
the head impact speed and the pedestrian kinematics. Every single case has been virtual simulated using the 
PC-Crash® software. The first is a reconstruction of the real accident and the following are simulations in 
which the operation of AEB systems are emulated.  
For this paper, the methodology used to estimate the head injury severity has been described previously. In 
summary, from the location of head contact, the collision speed and vehicle characteristics, the probability of 
suffering a severe (AIS3+) head injury (ISP, Injury Severity Probability) is obtained.  
The findings show that the head impact speed is lower than the pedestrian impact speed in the 79% of the 
cases. Otherwise the Injury Severity Probability considering the head impact speed is lower than the IPS 
estimated with the pedestrian impact speed in the 68% of the cases due to the influence of the impact area 
stiffness.  
In some cases a low reduction of the pedestrian impact speed due to the AEB systems would increase the 
estimated ISP (ineffective AEB cases). The interaction among collision speed, vehicle frontal design and 
pedestrian parameters is more relevant for the severity of the pedestrian head impact than the speed by 
itself. Considering the head impact speed for the ISP estimation, the number of ineffective AEB cases 
increases. 
Limitations of this research are the sample size (only one city and frontal collisions) and that no unhurt 
accidents have been included. The injury severity assessment within this study only considers head impacts 
to the front surface of the vehicle, injuries provoked by subsequent impacts were not taken into account. 
Hence it can be an interesting subject for further research.  
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INTRODUCTION 

Vulnerable road users’ accidents are a main 
concern nowadays, and among them, those with 
pedestrian involved. Their special characteristics 
when interacting in traffic can cause high severity 
accidents. This incidence has its response in both 
vehicle manufacturers and Public Administrations, 
each of them adopting measures to reduce the 
impact of this kind of accidents. In this way, the 
technological advances have been focused in 
secondary safety, but recent developments have 
as target the collision avoidance. The European 
parliament and the Council have enacted 
Regulation (EC) 78/2009 [1], relating to the 
protection of pedestrian and other vulnerable 
road users, forcing the manufacturers to equip 
new cars with a type-approved brake assist 
system. As a step forward, European safety 
organization EuroNCAP is introducing a new test 
to assess the efficiency of Autonomous Emergency 
Braking systems (AEB) in the detection and 
protection of pedestrians in case of risk scenarios. 

In line with this approach, this paper describes an 
in-depth accident investigation performed by 
INSIA-UPM oriented to model the pedestrian head 
injury severity as a function of the head impact 
speed instead of the pedestrian impact speed, and 
a reduced number of independent variables that 
affect the pedestrian impact kinematic. In 
previous studies authors have estimated the head 
injury severity using the pedestrian impact speed 
([2], [3], [4] and [5]). The results of this paper are 
focused on analyzing variations on head injury 
severity estimations considering both the head 
impact speed and the pedestrian impact speed; 
and the pedestrian impact kinematic variables 
influencing these variations. 

As a specific objective of this research the 
methodology has been applied to review the 
results about the potential influence of several 
autonomous emergency braking systems (AEB) 
estimated in the previous paper of authors ([5]). 

METHODOLOGY 

This paper describes an in-depth accident 
investigation performed by INSIA-UPM intended 
to the evaluation of the potential benefit of 5 
different technologies of AEB systems. Data of 43 
real frontal pedestrian accidents which took place 
in the city of Madrid between 2002 and 2006 were 

collected. Every case has been simulated with the 
PC-Crash® software, and then simulated again 
emulating the performance of 5 different AEB 
technologies. These previous simulations conduct 
to different accident configurations and, thus, 
different consequences. This process allows the 
comparison of technologies in both accident 
avoidance and injury mitigation through Injury 
Severity Probability (ISP). 

The methods presented in this section were 
developed within the framework of a research 
project (INSIA et al., 2008 [2]). The methodology 
was established to encompass into one optimal 
procedure to investigate on the spot every single 
accident, to perform reconstructions and 
simulations, and to analyze the obtained data and 
the results (See Figure 1). 

 

Figure 1. Methodology of AEB pedestrian systems 
assessment. 
 

Accident investigation and reconstruction 

A total number of 43 vehicle-pedestrian collisions, 
occurred in Madrid (Spain), was in-depth 
investigated by the INSIA-UPM road accidents 
investigation unit. A multidisciplinary team was 
created with the support of local police forces, 
emergency services and hospitals. On the spot 
accident investigation and data collection was the 
first step of the process. The INSIA-UPM 
investigation team in collaboration with the police 
forces attended the scene to collect all the 
available information about the scenario, 
geometry of the roads, visibility, visual evidence 
such as skid marks and traces, and also vehicle 
damages, dents and marks. Information about the 
injuries was obtained from paramedics and 
hospital data and used in the analysis phase for 
determining the injury mechanisms. 
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The sampling was based in three main criteria: 
first, according to the road characteristics, the 
selected accidents should occur in urban areas; 
the second criterion is about the vehicle type, 
considering only accidents in which the striking 
vehicle was a passenger car, a SUV or a minivan; 
the third is related to the accident configuration, 
only frontal collisions were considered. No 
restrictions about pedestrian characteristics such 
us gender, age, height or weight were imposed. 

Once the investigation and data compilation 
phases were finished, the available information 
was analyzed, revised and prepared to be used in 
the reconstruction using the PC-Crash® software. 
Next the corresponding vehicle was selected in 
each case and loaded from the vehicle database 
available in the computer program; its 
characteristics were set up according to the real 
vehicle. The frontal shapes of real vehicles were 
accurately measured for this purpose.  

Finally, the virtual simulations of the accidents 
were performed using the reconstruction 
software. Many parameters such as approaching 
speed (V0), pedestrian impact speed (Vk), path, 
position, pedestrian motion, driver manoeuvres 
and sequences are slightly modified and tested in 
different combinations in an iterative process that 
leads to a reliable reconstruction (See Figure 2), 
matching both the impact points with the visual 
evidence such as dents or marks and with the 
injury locations and mechanisms, and the vehicle 
and pedestrian rest positions.  

  

Figure 2. Distribution of vehicle-pedestrian 
collisions by approaching speed (V0) and 
pedestrian impact speed (Vk). 
 
 

Characteristics of pedestrian detection systems 

The systems analyzed are based on commercial 
AEB systems (Hamdane, H. et al, [6]). The field of 
view of their systems can be larger or smaller 
depending on the applied technology. An 
assumption is that if the driver is braking and 
pedestrian enters into the braking area, the 
system increases brake pressure up to the 
maximum. 
No accurate information about operation 
parameters for each system has been available for 
the investigation team, so it has been considered 
information from Hamdane, H. et al, [6] and 
commercial data to develop simplified models of 
operation to be used in reconstruction software 
(See Table 1). 

Table 1. 
Characteristics of pedestrian detection systems 

 

 

Estimation of the head injury severity 

Head injuries are the most life threating injuries 
suffered by pedestrians when struck by a vehicle 
(Yao et al., 2008 [7]). For this paper, the 
methodology used to estimate the head injury 
severity has been described previously (Badea-
Romero et al., 2013 [3], Páez et al., 2014 [4], Páez 
et al., 2016 [5]). In summary, from the location of 
head contact, the collision speed and vehicle 
characteristics, the probability of suffering a 
severe (AIS3+) head injury (ISP HIC,H,3) is obtained. 

RESULTS 

43 accidents have been analyzed. Each one has 
been simulated 5 times, fitting the appropriate 
sequences related to the performance parameters 
explained previously. 

The aim of these systems (See Table 1) is the 
avoidance of the impact if possible, or the 
reduction of the pedestrian impact speed when 
the accident is inevitable (See Figure 3). 
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Depending on the system analyzed, the number of 
accidents avoided or the cases with a reduction on 
the pedestrian impact speed varies. 

 

Figure 3. Case distribution by pedestrian impact 
speed variation. 

As it can be observed, system 4 is the most 
effective avoiding impacts and reducing the 
pedestrian impact speed in more than 60%. This is 
because it brakes before the rest of the systems. 
Systems 2, 3 and 5 are less effective (the cases 
where the impact is avoided do not reach a 
quarter of the total). Finally, system 1 is the most 
limited because of the short braking distance it 
uses. 

There is a certain relationship between the 
pedestrian impact speed (vehicle speed) and the 
head impact speed. In general, the higher the 
vehicle speed, the higher the head impact speed. 
However, when the vehicle speed increases, the 
difference between them grows too. For the cases 
studied, the relationship between both speeds is 
as follows (See Figure 4). 

  

Figure 4. Vehicle speed (pedestrian impact speed) 
vs head impact speed. 
 

In 78,7% of cases the vehicle speed is greater than 
the head impact speed. The rest (21,3%) is mainly 
caused by pedestrian kinematics. Because of this, 
the efficiency of the systems changes according to 
the speed that has been taken into account. 

In general, the number of cases with a speed 
reduction of 100% (with respect to the real 
accident) is greater if the head impact speed is 
used, than if the vehicle speed is used. This is 
because when the vehicle speed is used, 
reductions of 100% imply that the accident has 
been avoided, while when using the head impact 
speed, reductions of 100% do not necessarily 
imply that the collision has been avoided, because 
there may be accidents in which the head of the 
pedestrian does not hit the vehicle (in these cases 
the reduction is 100% too). 

Cases with speed reductions greater than 60% are 
kept roughly equal when one or the other speed 
are used. 

However, the cases in which the speed reduction 
respect the real accident is null or negative are 
much greater when the head impact speed is used 
than when the one of the vehicle is used. That is, 
if the head impact speed is used (instead of that 
of the vehicle), the efficiency of the systems is 
penalized. This is because there may be cases in 
which, although the vehicle speed is less when 
using the systems, the head impact speed is 
higher than in the real accident due to the 
kinematics of the pedestrian during the accident. 
In average, better reductions are obtained when 
the vehicle speed is used, as illustrated in the 
following table (See Table 2). 

Table 2. Average values of vehicle speed 
reduction and head impact speed reduction 

 
System Vehicle 

speed 
(km/h) 

Vehicle 
speed 

(%) 

Head 
impact 
speed 
(km/h) 

Head 
impact 
speed 

(%) 
1 7,95 32,88 2,81 16,06 
2 10,86 41,34 4,87 27,27 
3 11,03 42,68 4,76 27,12 
4 25,49 81,79 16,99 75,47 
5 10,98 42,56 4,79 27,23 
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An indirect target of these systems is the 
reduction of the ISP in the accident (See Figure 5), 
where the pedestrian impact speed is used. Cases 
with 100% ISP reduction includes accidents where 
the car stops before the impact and those where 
even having collision, the ISP is reduced 
completely (those cases in which the pedestrian 
head does not hit the car, i.e. accidents with low 
speed or very cornered). 

  

Figure 5. Case distribution by ISP variation, using 
the pedestrian impact speed. 
 

With the reductions of the ISP something similar 
happens, since for a case in which the involved 
pedestrian impact vehicle is the same, and the 
pedestrian hits in the same zone, the only factor 
that changes to calculate the new value of the ISP 
is the speed (pedestrian impact speed vs head 
impact speed). 

For ISP, the cases with reductions of 100% with 
respect to the real accident remain practically 
equal when using both speeds. However, cases 
with a reduction of ISP greater than 60% decrease 
when using head impact speed instead of vehicle 
speed. The same is true in cases where there is no 
ISP reduction, but this is caused because there is 
an increase in cases where the ISP reduction in 
relation to the actual accident is negative, that is, 
a higher ISP value is obtained when using the 
systems. 

Therefore, as with speed, the efficiency of the 
systems is penalized when using the vehicle speed 
as reference, rather than the head impact speed. 
The following table (See Table 3) shows the 
average reduction values of the ISP when the 
vehicle speed and when the head impact one are 
used. 

 
 

Table 3. Average values for ISP reduction when 
using the vehicle and the head impact speed 

 
System ISP for 

vehicle 
speed 

ISP for 
vehicle 
speed 

(%) 

ISP for 
head 

impact 
speed 

ISP for 
head 

impact 
speed 

(%) 
1 8,53 36,60 2,47 22,97 
2 9,65 42,56 2,33 33,35 
3 10,42 44,94 0,2 33,16 
4 26,85 74,06 16,25 70,92 
5 10,54 43,76 1,94 34,52 

Finally, differences between using the vehicle and 
the head impact speed for ISP calculation will be 
analyzed by comparing the reduction of each of 
them with the reduction of vehicle speed (See 
Figure 6). 

 
Figure 6. Reduction of ISP calculated according to 
the vehicle or the head impact speeds versus the 
reduction of the vehicle speed  

The cases of ISP reduction calculated with the 
vehicle speed are much more dispersed than 
those calculated with the head impact speed. This 
is especially true for speed reductions of less than 
60%. Also in the when using the vehicle speed 
there are more atypical values. This is caused 
because in these cases the only differential factor 
is the area in which it hits the head of the 
pedestrian. That is, atypical cases in which there 
are small speed reductions but large of ISP or in 
which although there are reductions of the speed, 
but the reduction of the ISP is negative and very 
high, are caused by the fact that the pedestrian 
strikes a worse area of the car. 
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CONCLUSIONS 

Multi-disciplinary approaches such as this study 
make the identification of critical parameters 
easier and simplify the development of practical 
solutions by quantifying their potential impact on 
future actions to improve pedestrian safety. 

Using this methodology, a database containing 43 
pedestrian accidents was created, including in 
detail information of the vehicle, person 
(anthropomorphic variables, injury codification); 
scene and pedestrian kinematics. Reconstructions 
of these accidents were performed using 
advanced techniques to accurately estimate 
multiple parameters from the collision, the pre- 
and post-impact phases. 

The gathered information has been used for the 
evaluation of the effectiveness of the 5 different 
AEB technologies based on commercial solutions. 
The performance of these systems has been 
simulated in the reconstructions, so it was 
possible to analyze their capacity for severity 
reduction in pedestrian accidents or even its 
avoidance. 

The analyzed systems proved to be efficient for 
reducing severity of pedestrian accidents in most 
of the studied cases, especially the System 4. The 
findings show that a part of the collisions could 
have been avoided by implementing this systems 
(around 20% of cases, for Systems 1, 2, 3 and 5; 
70% of cases, for System 4); and in most of other 
cases their consequences would have been 
reduced in terms of the estimated ISP (these 
systems reduce the ISP more than 60% in at least 
41% of cases).  

In some cases a low reduction of the collision 
speed due to the simulated systems would 
increase the estimated ISP. The interaction 
between collision speed, vehicle frontal design 
and pedestrian parameters –height, weight, speed 
– is more relevant for the severity of the 
pedestrian head impact than the speed by itself, 
because it determines the head trajectory, 
acceleration and impact point. 

The head impact speed is minor than the 
pedestrian impact speed in the 79% of the cases. 
Otherwise the Injury Severity Probability (ISP) 
considering the head impact speed is minor than 

the IPS estimated with the pedestrian impact 
speed in the 68% of the cases due to the influence 
of the impact area stiffness. The efficiency of the 
systems is penalized when using the vehicle speed 
as reference, rather than the head impact speed. 

Limitations of this research are the sample size 
(only one city and frontal collisions) and no unhurt 
accidents have been included. The injury severity 
assessment within this study only considers head 
impacts to the front surface of the vehicle, injuries 
provoked by subsequent impacts were not taken 
into account. Hence it can be an interesting 
subject for further research. 
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ABSTRACT 

 

Objective: As different morphologies and postures of human body models (HBMs) are developed, simulations of 

occupants in real world motor vehicle collisions (MVCs) can become more sensitive to injury risk factors. Despite 

the detail of modern HBMs, most dynamic analyses of these models studied body region-level injury metrics like 

displacements and accelerations, while most element-level analyses focus on peak stresses and strains. The 

objective of this study was to analyze the dynamic nature of thoracic soft tissue deformations using local areas of 

increased strains to identify potential injury sites.  

Methods: Eleven frontal MVCs from the CIREN and NASS-CDS databases were reconstructed using a previously 

developed dynamic finite element methodology. These MVC reconstructions used scaled versions of the Total 

HUman Model for Safety (THUMS) AM50 v4.01 and a tuned simplified vehicle model. CIREN radiology and 

NASS-CDS injury reports indicated that five of eleven driver occupants sustained soft tissue thoracic injuries (AIS 

2+) including pulmonary contusion, pneumothorax, hemothorax, and hemomediastinum. In each simulation, strain 

data were output for all elements in the lungs, pleurae, heart, pericardium, and rib cage at 0.5 ms intervals. The 

shape of the time-varying profiles of each element for maximum principal strain (εmp) were compared using 

normalized cross-correlation. The normalized cross-correlation coefficient between each pair of elements allowed 

grouping of elements that shared similar time-dependent deformation patterns during the impact. Element groups 

with increased strain metrics were identified as hotspots.  

Results: The dynamic deformation profiles for each anatomical structure were processed for each reconstructed 

MVC. A fraction of elements exceeding previous pulmonary contusion strain thresholds were calculated. The 

largest hotspot’s average εmp for the left lung (p=0.43), right lung (p=0.70) and heart (p=0.76) parts were not 

significantly different between injurious and non-injurious cases.  

Conclusions: A method to analyze dynamic deformation patterns in FE simulations was applied across eleven MVC 

reconstructions. This algorithm promotes understanding which regions of the anatomical structures deform together, 

and may improve the ability to model complex and multiphasic injury mechanisms. 
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INTRODUCTION 

Modern computational human body models (HBMs) 

have been developed and validated to understand 

common blunt trauma injuries and mechanisms. The 

Total Human Model for Safety (THUMS) v4.01 is a 

HBM that includes geometric and mechanical detail 

of the head and brain, bones of the trunk and limbs, 

and thoraco-abdominal organs. The response of each 

body region and organ in HBM simulations represents 

a unique challenge to numerically model the 

associated injury outcomes. 

 

In motor vehicle crashes (MVCs), thoracic injuries 

rank second in terms of the body region most 

frequently injured, severity, and overall economic and 

social cost [1, 2]. Thoracic blunt trauma injuries can 

be broadly grouped in two categories: 1) bony or rib 

fracture injuries and 2) soft tissue injuries [3, 4]. 

While these two injury modes are often inter-related 

and can be concurrently estimated based on 

correlative injury metrics including chest deflection, 

force or acceleration, they can also be characterized 

by the specific associated mechanical insult [5-7].  

 

While there is a wealth of data related to bony thoracic 

injuries in HBMs, there is less existing literature related 

to prediction of the most common thoracic soft tissue 

injury models in computational models. One of the 

unique challenges with respect to modeling soft tissue 

thoracic injuries in finite element models (FEMs) is 

that these injuries are often identified by their 

physiologic response rather than a mechanical failure 

[3]. For example, pulmonary contusion (PC) is 

primarily characterized by the inflammatory response 

and edema buildup within the lungs, while hemothorax 

and pneumothorax injuries are characterized by 

collection of blood or air in the pleural space [8, 9]. 

Previous authors have correlated finite element-based 

strain metrics to PC, in rat models and reconstructions 

of side impact real world MVCs [10-12]. These studies 

measured the segmented volumes of lung tissue with 

edema (representing PC) in computed tomography 

(CT) scans. In FEM reconstructions of the injury 

events, the threshold value of each strain based metric, 

including maximum principal strain (εmax), 

corresponding to the injured tissue volume were 

identified. 

 

However these PC injury metrics and evaluation 

methods may not adequately characterize the dynamic 

behavior of the soft tissue response in a fashion that is 

necessary to quantify PC or several other thoracic soft 

tissue injuries. One shortcoming of the PC element 

volume analysis method is related to the temporal 

response of the injured tissue. After a crash event 

occurs, the region of tissue with a strong 

inflammatory response may not be the same as the 

tissue regions that experienced the greatest 

deformations [13]. Additionally, the medical and 

biomechanics communities would benefit from 

modeling several other of the most common blunt 

chest trauma injuries that are characterized by more 

focal mechanical insults. Injuries including 

hemomediastinum, hemothorax, and pneumothorax 

are often a result of more focal trauma where 

localized interaction with fractured ribs or other brief, 

increased deformations patterns occur [3]. To analyze 

these injuries in a FEM, it may be more important to 

identify local deformation hotspots within a part with 

differing deformation patterns from their neighboring 

elements. 

 

The objective of this study was to analyze the 

dynamic response behavior of thoracic soft tissue to 

promote further validation of crash induced injuries 

(CII) and mechanisms in HBMs by leveraging 

existing real world MVC data. Based on the analysis 

of the dynamic soft tissue responses in 11 MVC 

reconstruction simulations in this study – five with 

Abbreviated Injury Scale (AIS) 2+ thoracic soft tissue 

injuries, and six without – algorithms to identify 

regions with elevated risks of injury in specific 

thoracic tissues and organ models were developed. 

This study evaluated deformation metrics primarily 

related to the pulmonary and cardiac tissues.  

METHODS 

Reconstruction Case Selection 

A total of 11 real-world MVCs, documented in either 

the Crash Injury Research and Engineering Network 

(CIREN) or National Automotive Sampling System-

Crashworthiness Data System (NASS-CDS) 

databases, were reconstructed using dynamic FEMs. 

Each full frontal, planar MVC reconstruction case 

was selected using the criteria described by Gaewsky 

et al. [14]. While all 11 occupants had at least one 

AIS 2+ injury, only five of the 11 occupants sustained 

AIS 2+ injuries to soft tissue organs in the thoracic 

cavity. The 11 occupants were split into “injury” and 

“non-injury” categories based on the presence of AIS 

2+ soft tissue thoracic injury. The vehicle and 

occupant characteristics and injury outcomes for the 

11 case reconstructions are summarized in Table 1. 

 

Case Reconstruction Process 

Each MVC reconstruction was performed using the 

Total Human Model for Safety (THUMS) version 

4.01 and a simplified vehicle model (SVM) as 

previously validated human body and vehicle interior  
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models [15, 16].  The original SVM model was 

developed as an average representation of vehicle 

interiors across an entire fleet of vehicles using laser 

scan data from 15 vehicles [16]. Finite element 

simulations were solved using LS-Dyna r6.1.1 on a 

cluster computer. Each case reconstruction was 

performed in an automated fashion involving a three 

step process previously outlined [14, 17]. 

 

First, the frontal crash response of the SVM was 

tuned to perform similarly to the mechanics of a sister 

or clone of the vehicle model involved in each 

reconstructed MVC [18]. For each case, the HIII FEM 

(Humanetics, Plymouth, MI) was positioned in the 

SVM according to a frontal New Car Assessment 

Program (NCAP) report. Up to 10 mechanical 

restraint properties of the SVM (e.g. seat, seat belt, 

airbags) were varied using a 120-sample Latin 

Hypercube design (LHD) of experiments [14, 17]. 

The set of mechanical parameters yielding the most 

similar crash response, according to a Sprague and 

Geers analysis [17, 19], were used as the specific 

tuned SVM. 

 

 

 

In the second phase, THUMS v4.01 was scaled, 

modified, and positioned within the specific tuned 

SVMs to model the MVC case occupant using the 

details found in the CIREN or NASS-CDS databases. 

The nodal coordinates of THUMS were isometrically 

scaled. An element deletion model for rib fracture was 

implemented in THUMS. The mechanical response 

effects of occupant aging were modeled in the rib 

cage by modifying the ultimate plastic strain fracture 

threshold (ε) of cortical rib bone and the cortical bone 

thickness (t) based on relationships (Equations 1 and 

2) used in previous reconstructions of MVCs using 

THUMS [20-22]. The THUMS model was positioned 

within the tuned SVM according to data from the 

CIREN or NASS-CDS case report. For each 

simulation, the occupant was positioned according to 

the reported longitudinal seat track position, seat back 

angle, d-ring anchor height, steering column position, 

and steering column angle. 

ε =(-383*age(yrs)+37514) / 106 (Equation 1) 

 

t=-0.00578*age(yrs)+1.1335 (Equation 2) 

 

Table 1 

Summary of crash characteristics and resulting injury outcomes. Cases were categorized by the presence of 

AIS 2+ chest soft tissue injury. 
 

 

  Case 

Name Vehicle AIS Code – Injury Description Age Gender 

Height 

(cm) 

Weight 

(kg) 

Delta-V 

(km/h) 

Object 

Struck 

T
h

o
ra

ci
c 

S
o

ft
 T

is
su

e 
In

ju
ri

es
 

Escape 2012  Ford Escape 

 450203.3 -  Rib Fracture  

 (L3-4, R5-7,10) 
86 M 175 84 49.9 Vehicle 

 442200.3 -  Right Hemothorax 

 450804.2 -  Sternum Fracture 

Cobalt 
2006  Chevrolet  

 Cobalt 

 441406.3 -  Left Pneumothorax /  

 Lung Contusion 
80 M 183 77 42.6 Vehicle 

Camry 2010  Toyota Camry  442208.2 -  Hemomediastinum 21 F 160 64 64 Vehicle 

Cavalier 
2002  Chevrolet  

 Cavalier 
 442202.3 -  Pneumothorax 18 M 175 64 49.4 Vehicle 

Hummer 2007  Hummer H3 

 450203.3 -  Rib Fracture  

 (R 3-9) 

50 F 173 86 

 

57.4 

 

Vehicle  441402.3 -  Bilateral Pulmonary 

 Contusion 

 450804.2 -  Sternum Fracture 

N
o

n
-I

n
ju

ri
es

 

Solara 2007  Toyota Solara 

 450202.2 -  Bilateral 3rd rib  

 fracture 50 F 173 67 31.8 Vehicle 

 450804.2 -  Sternum fracture 

Corolla 2007  Toyota Corolla   57 M 165 71 54.5 Vehicle 

Civic 2012  Honda Civic   67 F 165 66 56.3 Tree 

Lexus 2008  Lexus ES350   43 M 175 88 69.7 Vehicle 

Malibu 
2006  Chevrolet  

 Malibu 

 450804.2 -  Sternum fracture 

69 M 173 82 61.1 Vehicle  441004.1 -  Minor heart  

 contusion 

Silverado 
2005  Chevrolet  

 Silverado 
  23 M 175 79 59.9 

Concrete 

Wall 
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In the final step, the longitudinal event data recorder 

(EDR) delta-V pulse was extracted from each CIREN 

or NASS-CDS case. These pulses were used to drive 

the planar kinematics of the occupant compartment 

(Figure 1a). Each crash event was simulated for 180 

ms. 

 

  
(a) (b) 

Figure 1. (a) An example crash reconstruction 

simulation shows the modified THUMS impacting 

the airbag. (b) The thoracic soft tissue organs of 

THUMS that were analyzed. 
 

Data Analysis 

Several traditional PMHS- and ATD-based chest 

injury metrics were instrumented in the THUMS 

v4.01 model and extracted in each simulation [23]. In 

addition, peak elemental strains in each solid element 

of each lung were reported and compared to 

maximum principal strain thresholds for side impact 

reconstruction cases (0.60), and rat-lung impacts 

(0.284) existing in literature [11, 12]. The volume 

fraction of elements exceeding these thresholds were 

reported in each lung of each simulation. 

 

Stresses and strains were calculated in solid element 

parts representing the parenchyma of the left and right 

lungs, the heart, superior vena cava (SVC), inferior 

vena cava (IVC). Element data was extracted from the 

shell parts representing the visceral and parietal 

pleurae, the pericardium, descending aorta, SVC, and 

IVC (Figure 1b). For each element, the time history of 

maximum principal strain (εmp) was evaluated. 

 

The deformation patterns of each element were 

compared to each other to estimate the degree of 

similarity between elements using a normalized cross-

correlation (NCC) algorithm. By using normalized 

cross correlation algorithms, the magnitude of the 

response signal is not evaluated. Instead, the dynamic 

shape patterns of the tissue deformations are 

categorized and elements deforming in similar or 

different temporal patterns can be identified. 

 

The NCC algorithm yields a metric for similarity ranging 

from 0 to 1, with 0 being no-match and 1 being a perfect 

match. Software was developed to calculate NCC and 

perform the following algorithm for each pair of 

elements in a given part or structure. Elements with the 

NCC values greater than a pre-selected threshold (0.95 

for εmp) were identified and grouped together [24]. 

Initially, each element was assigned a pattern ID and 

characteristic NCC, the latter being the maximum NCC 

value between itself and the previous elements analyzed. 

At the beginning of the algorithm, the first element was 

taken as the template element with an initial pattern ID 

of 1 and characteristic NCC value of 0. The pattern ID 

and characteristic NCC were iteratively updated by 

calculating the NCC between the template element and 

all remaining comparison elements [24]. The 

comparison element was grouped with the current 

template if its NCC was greater than the threshold and 

greater than the NCCs with previous template elements. 

Once all remaining elements were compared to the 

current template, the next element in the part or structure 

was taken as the current template and the comparison 

process was repeated until the NCC for each element in 

the part was calculated. Elements with similar stress 

profiles were identified and assigned a unique pattern ID. 

Only patterns with at least 8 member elements were 

considered in the subsequent analyses for extensive and 

focal injury mechanisms.  

 

To identify potential regions of extensive injury, such 

as pulmonary or cardiac contusion, groups of elements 

that fell into the same pattern ID, and accounted for 

greater than 5% of the structure volume were analyzed. 

The pattern group with the greatest average peak εmp 

values across all elements in the group were identified 

in the heart and right and left lungs.  

RESULTS 

The peak chest deflection, peak sternum acceleration, 

and lung volume fractions exceeding εmp thresholds 

for each simulation are summarized in Table 2. Two 

tailed student’s t-tests were performed on these 

metrics for the thoracic soft tissue injury cases 

compared to the non-injurious cases. The chest 

deflection of the injurious cases was 36.7±3.3 (mean 

± 1 standard deviation), while the chest deflection in 

non-injurious cases was 37.4±6.0. There was no 

statistically significant difference in the group’s chest 

deflections (p=0.84). The sternum acceleration of the 

injurious cases was 51.8±10.2, while the sternum 

acceleration in non-injurious cases was 60.4±13.0. 

There was also no statistically significant difference 

in the group’s sternum accelerations (p=0.26). None 

of the peak lung element fraction metrics had 

statistically significant differences between the two 

groups (for left lung εmp > 0.284, p = 0.12, for right 

lung εmp > 0.284, p = 0.44, for left lung εmp > 0.60, p = 

0.42, for right lung εmp > 0.60, p = 0.91).  
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The injury metrics related to the hotspot analyses 

using the εmp time-histories also did not yield any 

statistically significant differences between the 

injurious and non-injurious cases at the p<0.05 level. 

The largest hotspot’s average εmp for the left lung 

(p=0.43), right lung (p=0.70) and heart (p=0.76) parts 

were not significantly different between injurious and 

non-injurious cases.  

DISCUSSION 

While no statistically significant relationships were 

identified to distinguish between the five thoracic soft 

tissue injury cases and the six non-injurious cases in the 

study, important methods have been developed to help 

quantify the dynamic response of soft tissues that may 

enlighten injury mechanisms using FEMs in the future. 

This study analyzed the dynamic response behavior of 

over 200,000 elements of the chest in THUMS v4.01 

and considered their response behavior in relation to 

neighboring elements and anatomical parts. It should 

be noted that, despite a lack of statistical significance 

between injury/non-injury groups, there was more 

similarity between the sternum acceleration (p=0.26) 

and chest deflection (p=0.84) injury metrics than there 

was with the dynamic response injury metrics 

evaluated in this study.  

 

At present, several challenges limited the conclusions 

of this study. In studies where the human body models 

have been modified to further simulate subject specific 

characteristics, the hotspot analysis methods may 

become more sensitive to injury prediction. In the 

future, the morphology and bone quality of a specific 

occupant’s thoracic anatomy may be implemented into 

the FEM using morphing techniques with the reported 

CIREN radiology as a data source. Another difficulty 

in developing injury metrics using MVC FEM 

reconstructions with strong correlations will be to 

identify enough detailed cases that fit the criteria for 

reconstruction or to develop additional reconstruction 

methods to account for variability that is not currently 

modeled in these reconstructions.  
 

CONCLUSIONS 
 

This study evaluated the dynamic response behavior of 

over 200,000 elements of the thorax in THUMS v4.01 

in 11 full frontal crash reconstruction simulations and 

attempted to quantify soft tissue injury mechanisms. 

Multiple detailed HBMs incorporate organ level detail 

with validated tissue mechanical properties. As the 

level of modeling and analysis methods continue to 

improve, the use of human body FEMs and data from 

CIREN and NASS-CDS may allow the injury 

biomechanics community to evaluate soft tissue injury 

Table 2 

Summary of the injury metrics evaluated in the thoracic region to evaluate soft tissue injury. Rows of green 

text included pulmonary contusion while the blue text indicates cases with more focal injury events. 

 
 

  

 

Peak 

Chest 

Deflection 

(mm) 

Sternum 

Acceleration 

(G's) 

Lung Volume 

Fraction 

εmp > 0.284 

(Gayzik et al) 

Lung Volume 

Fraction 

εmp > 0.60 

(Danelson, Stitzel) 

 Largest Hotspot 

Average εmp 

  Case Left Right Left Right L Lung R Lung Heart 

S
o

ft
 T

is
su

e 
In

ju
r
ie

s 

Escape 35.1 38.0 64.1 22.0 2.2 0.2 0.43 0.27 0.34 

Cobalt 35.8 48.9 74.2 30.4 3.1 0.0 0.46 0.30 0.36 

Camry 38.0 66.2 88.3 85.1 15.1 3.3 0.58 0.42 0.42 

Cavalier 33.0 51.1 68.5 54.5 2.8 1.1 0.43 0.47 0.38 

Hummer 41.7 54.7 77.0 66.6 4.4 0.8 0.51 0.40 0.43 

N
o
n

-I
n

ju
ri

es
 

Solara 31.2 54.7 87.3 58.0 9.5 0.2 0.57 0.34 0.36 

Corolla 44.8 54.1 82.8 66.5 9.4 1.2 0.50 0.39 0.40 

Civic 33.1 74.5 83.4 37.4 4.4 0.0 0.52 0.44 0.38 

Lexus 40.0 78.4 77.9 73.4 6.7 1.4 0.45 0.32 0.34 

Malibu 32.0 45.4 72.7 58.8 2.2 0.6 0.44 0.39 0.34 

Silverado 43.4 55.2 88.2 75.3 17.8 2.7 0.60 0.45 0.45 
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mechanisms and physiologic responses that would 

otherwise be difficult to evaluate in the laboratory. 

Additionally, the data generated from these injury 

analyses could be used to further validate and improve 

the overall response of future HBMs. 
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ABSTRACT 

Objective 

While the technical proof of concept for automated driving was shown in various projects, the existing 
methods and tools for the sign-off process are not suitable for the complexity of these systems and would be 
inefficient with regard to costs and time resources. Thus, the project PEGASUS aims to develop an effective 
and generally accepted procedure for the definition of design and quality criteria for highly automated 
vehicles. This paper focuses on a method to reduce the testing efforts for the sign-off process.  

Methods 

One element of the developed procedure is a database containing relevant traffic scenarios for the testing of 
highly automated vehicles. It is embedded in a circuit of recording and integrating scenarios from real-world 
traffic on the one hand and extracting and providing them to different suitable test environments on the 
other hand. This so-called circuit of relevant situations was already outlined in the 23rd ESV conference 
(Eckstein and Zlocki 2013), further elaborated in the meanwhile and is currently under development within 
PEGASUS.  

Results 

The process of recording and integrating relevant scenarios from real world measurements into the database 
has been implemented. Data from different sources (such as field operational test, accident databases etc.) 
were formatted into a standardized format to apply a common processing chain. This processing chain 
includes the calculation of derived signals and scenario likelihoods. Based on these steps it is possible to 
identify and cluster specific scenarios within bigger data sets. Afterwards, performance indicators can be 
calculated for characterization of scenario groups which enables to build distributions of scenario parameters 
(e.g. the criticality) and to derive test specifications for the database. 

Conclusion 

The dominating challenge for the implementation of automated driving is not the technical proof of concept, 
but the validation of these systems. Therefore, the PEGASUS project results will make a significant 
contribution implementation of this new technology due to the involvement of various OEMs in the project 
consortium and the foundation by the Federal Ministry for Economic Affairs and Energy. This paper describes 
the methodology and first implementation results for the database and the process chain from data 
collection, data storage to scenario parameterization and test specification derivation. 

KEYWORDS  

Database, traffic scenarios, highly automated vehicles, validation, testing methods
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INTRODUCTION 

Introducing driver assistance systems into the 
market is not a new challenge for the automotive 
industry. But since the automation levels for new 
systems under development increase, these have 
to deal with more and more complex scenarios 
within their specifications. Especially, for systems 
of automation level 3 and higher, according to the 
definition of the Society of Automotive Engineers 
(SAE Standard 2014), new challenges arise since 
the driver does not have to monitor the system 
and the driving environment anymore. Thus, the 
system has to be capable of solving even highly 
critical scenarios on its own due to the fact that 
these scenarios require solving strategies and 
actions within time frames that are outside the 
scope of the acceptable transition time between 
the automation levels, especially from the system 
to the driver (Petermann-Stock et al. 2015). 

According to Eckstein and Zlocki (2014) the 
research questions that need to be solved to 
realize automated driving can be clustered to five 
aspects: Technical aspects, human factor aspects, 
legal aspects, economic aspects and societal 
aspects. The technical solutions for these 
challenges have been investigated in various 
projects (Fahrenkrog, Rösener and Zlocki 2016, 
Kotte 2016, Zlocki 2012, Hoeger, Zeng and Hoess 
2011) and become more and more mature so that 
related products can be expected to be ready for 
market within a short time frame (Dokic, Müller 
and Meyer 2015, Ertrac 2015, Rupp and King 2010, 
VDA 2015). Also the human factor aspects are 
currently under research and the related 
challenges can be addressed by suitable design of 
the HMI to avoid phenomena like mode confusion. 
The legal framework which previously put systems 
that were not continuously supervised by the 
driver in conflict with existing law (UN 1969) has 
undergone an adaptation of the related 
paragraphs of the Vienna Convention enabling 
automated driving systems as long as they can be 
switched off by the driver (UNECE 2014). 

The current achievements in paving the way for 
automated driving leave the societal aspects and 
the transformation of all five previously discussed 
aspects into technical standards as the remaining 
challenges. Both aspects are addressed in the 

German research project PEGASUS (project for the 
establishment of generally accepted quality 
criteria, tools and methods as well as scenarios 
and situations for the release of highly-automated 
driving functions) striving to develop a commonly 
accepted methodology for the sign-off process of 
highly automated vehicles (Plättner 2016, 
Mazzega et al. 2016). The main research questions 
of the project are on the expected level of 
performance of an automated vehicle and how 
the verification that the desired performance is 
achieved consistently can be realized. In the 
following, this paper focuses on the discussion of 
the complexity of the verification in the first step 
and shows an elaborated solution in the second 
step.  

METHODS 

In the past, safety approval for driver assistance 
systems has mostly been achieved by driving a 
high amount of test kilometers to proof the 
maturity of the system. Statistical assumptions on 
the necessary test mileage for automated driving 
result in 240 million kilometers or even more 
(Winner 2016, Wachenfeld et al. 2015) depending 
on the reference for the safety approval (average 
mileage between accidents with injuries or fatal 
accidents etc.). In addition, functional changes 
would require a repetition of the hole testing 
procedure leading to enormous costs for the sign-
off process. Thus, it is necessary to develop new 
approaches and methods for the validation of 
automated driving.  

Besides real world testing there are different 
testing methods that are commonly used in the 
vehicle development. Figure 1 shows these 
methods and their related validity and cost levels. 
Starting with virtual testing methods (such as 
traffic simulations or dynamic driving simulators) 
the validity of the gathered results increase as 
well as the costs coming to real world testing - 
such as controlled test field and field tests. All of 
these test methods show their specific advantages 
at different stages in the development process 
and should therefore be combined to a holistic 
test approach as described in Eckstein and Zlocki 
2013 and Zlocki, Fahrenkrog and Eckstein 2014. 
The basic idea of the so-called circle of relevant 
situations is to use a database a central element in 
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the associated V-model process to store relevant 
scenarios for automated driving systems which 
are recorded during real world driving (see Figure 
2).  

 

Figure 1: Test methods used for vehicle 
development and their level of validity and costs 
(Eckstein and Zlocki 2013) 

The database of relevant traffic scenarios is fed by 
data from field operational tests, real-world traffic 
and accident databases (see R1 to R3 in Figure 2). 
Based on suitable criteria evaluating the criticality 
of the scenario and therefore the relevance to be 
considered for testing of automated vehicles 
these scenarios are integrated into the database 
by using a common scenario description format. 
The recorded scenarios do not require involving 
the use of an automated driving system, but are 
rather scenarios that occur in everyday driving 
and that an automated driving system has to be 
capable of solving when in operation. An 
additional data source (R4) may be data from 
driving simulator studies which can give insights 
on automation specific phenomena like 
automation risks (e.g. mode confusion). Due to 
new relevant scenarios caused by automation 
risks and the effects of increasing penetration 
rates of automated vehicles, it is necessary to 
keep the database constantly updated. 

 

Figure 2: Circle of relevant situations (Themann et 
al. 2016) 

One of the main benefits of the described 
approach is the extraction of relevant scenarios to 
the most suitable testing environments and at 
different stage in the development and validation 
process (E1 to E5). In a first step, all scenarios that 
are within the functional scope can be tested in 
traffic simulations showing that the system under 
test may be capable to handle the majority of the 
scenarios, e.g. by reacting faster than a human 
driver. Some scenarios however will require 
considering the interaction with the human driver 
to be able to evaluate the appropriateness of the 
system decision, e.g. transitions of the vehicle 
control from automation to the driver. Here, a 
driving simulator offers the best compromise 
between validity of results and spent efforts. But 
like for the traffic simulation some of the 
scenarios tested in the driving simulator will 
remain to be further investigated since vehicle 
dynamics are of importance. Hence, it is necessary 
to be able to extract scenarios also to controlled 
test fields reproducing these scenarios with 
driving robots, e.g. for surrounding traffic 
participants. If at this stage the “unresolved” 
scenarios are (close to) zero, the system under 
test can undergo a field operational test closing 
the circle of relevant scenarios by generating new 
data for the database. 

By means of the described approach a shift of 
testing effort from real-world towards virtual 
testing methods is strived to increase the 
effectiveness of the used test methods for the 
validation of automated driving. In the PEGASUS 
project a similar approach is elaborated 
developing a framework for the sign-off process of 
highly automated vehicles (Plättner 2016). In the 
following, the concept and implementation of the 
database of relevant scenarios is presented by 
showing the data processing chain from recorded 
measurement data to test specifications for 
automated driving systems. 

RESULTS 

The database as it is implemented in PEGASUS 
contains different elements and interfaces. To 
give an overview on the different database 
modules and their content, the complete chain 
from input data over data processing to output 
data is described. 
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Input for the database 

The diversity of the input data for the database 
requires the input interface to be able to deal with 
very different types of data. Input sources for the 
database are data from accident databases, field 
tests, field operational tests (FOT), naturalistic 
driving studies (NDS), controlled test fields, 
driving simulator, traffic simulation and expert 
knowledge. A first distinguishing characteristic is 
the level of detail. While database scenarios 
originated from traffic simulations can describe 
traffic scenarios in very much detail, scenarios 
generated by expert knowledge or accident 
databases might only be a rudimentary 
description of vehicle environment and the 
behavior of the surrounding traffic participants. 
The input interface enables therefore a scenario 
description as comprehensive as possible. 
Degradations from this best-case description 
determine for which use cases of the database the 
related data can be used. Besides the level of 
detail the data volume is another aspect to be 
considered: Data from accident databases are 
highly focused on the accident itself and a short 
period of time before and during the accident. 
Hence, the data volume is easily manageable. 
Data from field tests or naturalistic driving studies 
commonly have a high volume due to various 
sensor set-ups (image processing, Lidar scans, 
etc.) and no focus on a specific scenario. For this 
type of data it is necessary to process this high 
amount by automatic scenario filtering algorithms 
to identify the relevant scenarios. 

Data processing chain 

The database for the validation of automated 
driving is not intended to be a collection of 
recorded scenarios, but to provide test 
specifications which can be used in the sign-off 
process. Hence, it is necessary to transform the 
input data into scenarios that can be reproduced 
and tested with an automated driving system in 
the discussed test environments. To that end, the 
processing chain depicted in Figure 3 was 
developed and implemented. 

In the first step 1, all data entering the data 
processing chain has to be formatted into a 
common environment and traffic description. This 
is provided by the data owner since it requires 

individual converting of the raw data into 
harmonized signal names, data structure and 
coordinate systems. The first step within the data 
processing chain 2 is to index the data and check 
them on format compliance. In addition, user 
rights for each uploaded data sets are assigned to 
create individual data sharing options.  

After the two organizational steps (which still can 
be associated with the input interface), the 
substantial processing of the data is started by the 
generation of deduced signals 3 which are not 
found within the measurement data. Here, the 
common data processing chain shows a major 
benefit. Due to the fact that the algorithms for the 
processing chain are developed together by all 
consortium partners they provide a collective 
understanding of the data and enable a consistent 
evaluation basis. This is also of high importance 
for the next step 4 in which likelihoods of 
scenario affiliations are calculated. Common 
algorithms serve as the basis for a generally 
accepted understanding and agreement of what 
the relevant scenarios are and which parameters 
define their characteristics. As a result of this step 
time continuous scenario likelihoods are added to 
each data set. Based on the scenario likelihoods 
snippets with relevant scenarios can be extracted 
from bigger datasets in the next step 5. This step 
is not only applied to data from bigger datasets 
like FOT, NDS or field data. Also for other data 
sources like accident data or driving simulator 
which might already provided scenario snippets as 
raw data the calculation of scenario affiliation and 
the extraction of scenario snippets proofs useful 
to ensure a uniform scenario evaluation and 
formatting. The calculation of performance 
indicators for each scenario helps to characterize 
the scenarios in a very compact manner.  

As a result of the first five steps scenarios with 
relevance for automated driving are identified. In 
step 6 these scenarios are clustered to so-called 
logical scenarios (Baggschik et al. 2017). By 
assigning the extracted scenario snippets to 
logical scenarios their distributions for the 
scenario parameters are created and enhanced. 
The results are stored in a database entity 
combining the logical scenarios and the related 
parameter space. In the last step 7 the test 
specifications can be derived based on a selection 
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metric and are stored into the test specification 
database. By doing so, two tasks are fulfilled: 
Adding information on exposure (E), severity (S) 
and controllability (C) by the human driver as 
reference and selecting scenarios and parameter 
combinations for the test specifications. Here, the 
use case definition 0 has to be considered to 
match test scenarios and functional scope. All 
information is stored in the test specification 
database entity. 

 

Figure 3: Concept of the data processing chain 
(Pütz, Zlocki and Eckstein 2017) 

As it can be seen by the axes labels in Figure 3 the 
input data is reduced in their data volume by the 
processing chain. Raw input data normaly contains 
a high amount of information. Even though there 
are also signals (e.g. Time-to-Collision) and 
information added to the inertial data sets, 
especially the later steps in the processing chain 
(5 to 7) condense and summarize the 
information contained in the (measured) 
scenarios relevant for automated driving. At the 
same time, the clustering to logical scenarios 
increases their information density. A single 
scenario snippet describes only a minimal subset 
of the related logical scenario. Thus, the logical 
scenario gives a better overview on the possible 
characteristics of the scenario type. 

Output of the database 

The main output of the data processing chain are 
the test specifications that are stored into the test 
specification database serving as a test catalogue 
for the sign-off process of automated driving 
systems. These test specifications are described in 
the OpenScenario format (Dupuis 2015), which 
can be used as a basis for the interfaces to the 
testing tools. While most traffic simulations tools 
will be able to directly use the OpenScenario as 

input, for other test environments like controlled 
test fields convertions will be required for the 
scenario reproduction with robot vehicles. 

An additional output option of the processing 
chain is the possibility to extract relevant 
scenarios for a individual case assessment or the 
system development. This might for example be 
useful to test a new developed system in highly 
critical scenarios or in scenarios with specific 
characteristics which are challenging for the 
chosen sensor set up. For both types of output it 
is important to tranfer recorded data into a 
testable scenario description in which the system 
under test has the degree of freedom to change 
the outcome of the scenario. To that end, it is for 
example necessary to tranform relative distances 
between traffic participants and the recording 
vehicle (assuming e.g. data from FOT or NDS) into 
absolute trajectories of the surrounding traffic.  

DISCUSSION 

The sign-off process of highly automated vehicles 
strongly depends on the verification of 
completeness. Hence, it is also necessary for the 
database approach to provide methods and 
algorithms showing that the functional scope is 
covered by the test specifications and that all 
relevant scenarios are considered. Even though 
this requires some efforts for the implementation, 
it is more reasonable to embed this verification of 
completeness in an effective concept than trying 
to proof it by the sheer size of the driven test 
mileage. 

Despite the previously mentioned aspects, the 
described approach of making re-use of existing 
data shows two key benefits for the sign-off 
process of automated driving systems. First of all, 
the high efforts different stakeholders currently 
invest into individual validation processes are 
brought together by the project PEGASUS and 
merged to a more sustainable approach. Instead 
of generating new (expensive) data sets for every 
new system, existing data is used to reduce the 
necessary test mileage. The second major benefit 
is the fact that the data as well as the evaluation 
criteria are developed and used by all 
stakeholders providing a common evaluation 
basis. This is not only important for reducing test 
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resources, but to increase the societal trust and 
acceptance of automated driving.  

CONCLUSION 

The introduction of highly automated vehicles 
imposes the challenge of verifying the safety of 
these systems for the sign-off process. Traditional 
methods know from ADAS would cause enormous 
testing efforts leading to the necessity of new 
approaches for the sign-off process. With the 
circle of relevant scenarios an approach is 
established that is able to reduce these efforts by 
effectively combining existing testing methods. As 
one central element of this approach a database 
of relevant scenarios was implemented in the 
project PEGASUS. Describing input and output 
interface as well as the data processing chain for 
transforming data from different input sources 
into test specifications, two main benefits of this 
database approach could be elaborated. The 
reduction of testing efforts by a common usage of 
existing data and the harmonization of the data 
basis and evaluation criteria for the sign-off 
process providing a solid foundation for a 
sustainable and generally accepted system 
validation. 
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ABSTRACT 
 
Real world traffic accident databases allow an accurate determination of the effectiveness of Advanced Driver 
Assistance Systems (ADAS). Research shows that accidents with property damage have been increasing while 
accidents with bodily injury have fortunately decreased in the last decades. This development requires a 
shifted focus, from databases targeting bodily injury e.g. GIDAS, towards a new database setup that complies 
with requirements which occur when investigating property damage. The accurate evaluation of ADAS that 
mitigate or avoid property damage will help car manufactures developing future systems and insurers calcu-
lating future premiums. This paper describes a new method to analyze real world property damages and an 
approach to monetarily evaluate ADAS in terms of benefits for customers and insurances. An in-depth accident 
database containing 5,000 property damage accident cases is created by Allianz Center for Technology (AZT) 
and Allianz Automotive Innovation Center (AIC) using insurance claim files. Evaluating insurance data enables 
the analysis of a holistic image of traffic accidents retrospectively and the determination of the monetary ben-
efit of a certain ADAS. The proposed method to assess property damage applying a new setup of a retrospective 
in-depth database and utilizing the data to develop test scenarios that create the foundation of further pro-
spective evaluation analysis of future ADAS is discussed. This paper presents an application of the proposed 
method for the field of parking and maneuvering, which accounts for up to 50 % percent of insurance reported 
collision claims depending on the vehicle model. 
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INTRODUCTION 

Advanced Driver Assistance Systems (ADAS) have 
been gaining in importance over the last years. As 
ADAS are becoming more diverse and efficient, mo-
tor insurers have to increasingly consider the influ-
ence of ADAS in accident situations [1]. Appropri-
ate reductions due to innovative insurance premi-
ums can lead to an increase in attractiveness to the 
customer and therefore improve the overall com-
petitiveness for the insurer. Advantages to both an 
insurer and Original Equipment Manufacturer 
(OEM) can arise due to an increase in the number 
of sold vehicles equipped with ADAS and the sale 
of corresponding insurance policies [2].  
In order to develop insurance products for vehicles 
equipped with ADAS, the respective monetary ben-
efit and therefore the effectiveness of a specific 
ADAS has to be determined. Due to a rising number 
of different types of ADAS and various ways of soft-
ware and hardware system-application by OEMs, it 
becomes necessary to develop a methodology to 
evaluate the effectiveness of a specific ADAS spe-
cifically for its vehicle class.  
 
Retrospective and Prospective ADAS Evaluation 
Literature proposes retrospective and prospective 
approaches  using real world accident databases to 
determine ADAS effectiveness [3, 4]. Retrospective 
analyses are conducted when evaluating ADAS that 
have already been allocated on the market, as suf-
ficient accident data for analysis needs to be avail-
able. This analysis is particularly advantageous to 
proof certain effectiveness rates of existing ADAS 
[4] and is currently performed by [5–11]. A repre-
sentative sample of real world accident data is di-
vided into two groups (Figure 1).  

 

Figure 1: Retrospective and prospective ADAS evalu-
ation according to [4]. 

One group contains the amount of accidents that 
happened to vehicles equipped with the investi-
gated ADAS and the other group contains accidents 
of vehicles without the corresponding ADAS equip-
ment. Prospective analyses are performed to eval-
uate future systems that have not been established 
on the market [12–14]. The main advantage to 
OEMs and insurances is the possibility to assess the 
monetary benefit of a certain system before it en-
ters the market. Since accidents with future ADAS-
equipped vehicles are not available, the corre-
sponding accident database is duplicated. One op-
tion suggested by Busch [3] to determine the sec-
ond dataset is the use of simulation of recon-
structed corresponding accidents and a virtual im-
age of the investigated ADAS. To determine the 
benefit of ADAS, the two groups are compared.  
 
Accident Database 
The main source to perform retrospective or pro-
spective ADAS effectiveness analyses is an accident 
database. In order to derive useful information 
from a conducted analysis, it is important, that the 
database is representative of all of the accidents 
within a certain investigation period. Further, it is 
necessary that the database contains information 
about the scenario that caused the accident and 
the amount of damage that occurred both physi-
cally and monetarily. To calculate retrospective 
ADAS effectiveness, it is furthermore required to 
have knowledge about the ADAS equipment of the 
corresponding vehicles. 
Different institutions e.g. research labs, car manu-
facturers and governments collect accident data 
worldwide. In many cases, the data originates from 
the local police that collects the data as the acci-
dent is recorded. Accidents that were not reported 
to the police, possibly due to only small property 
damages, are not included within these kinds of da-
tabases and lead to an overrepresentation of bod-
ily injuries. Distortions due to different designs of 
database layouts or data sources enhance the ef-
fect. Furthermore, there is usually no documenta-
tion regarding the monetary effect the accident 
caused, which is essential in order to determine the 
benefit an ADAS could have had. In addition, police 
records usually do not specify the ADAS equipment 
of the affected vehicles. In Germany, officially reg-
istered accidents are documented by the Federal 
Statistical Office (DESTATIS). In-depth accident da-
tabases, such as the German In-Depth Accident 
Study (GIDAS) or the Audi Accident Research Unit 
(AARU) investigate accident cases in a high data 
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depth of about 3000 parameters for each accident. 
To do so, each accident is technically reconstructed 
and interviews by psychologists and physicians are 
conducted to gain information regarding the cause 
of the accident. Precondition to include an accident 
in these databases is that there is one or more bod-
ily injury, which means, that the data is not repre-
sentative of all or most of the accidents within a 
certain investigation period. Therefore, it is gener-
ally not possible to gain information regarding 
monetarily impacts.  
 
Insurance Claims 
Insurances generally do not only settle accidents 
reported to the police, but also minor property 
damages. A combined analysis of all damage claims 
that are reported to the insurer therefore repre-
sents the actual damage situation in the most pre-
cise way (Figure 2).  

 

Figure 2: Bodily injury and property damage re-
ported to police and insurer according to [15]. 

For every damage claim, certain damage files are 
available to the insurance in order to relate to the 
cause of the accident and other vehicle-specific pa-
rameters. The insurance further has knowledge re-
garding the cost that occurred due to the accident. 
For insurances, it is additionally advantageous to 
use insurance data to evaluate ADAS, as it directly 
represents the target group that is to be reached.  
 
Impact of Property Damage and Bodily Injury 
According to the Federal Statistical Office in Ger-
many [16], accidents with property damage re-
ported to the police happened almost six times 
more often than accidents also involving bodily in-
jury within the last two decades (1995 – 2016). 
Gschwendtner [17] follows up research and reveals 
that 75 % of accidents with only property damage, 
that are known to insurances, are not reported to 
the police. Furthermore Gwehenberger [15] esti-
mates, that an additional number of about 4.8 mil-
lion accidents per year are not reported to either 

insurances or the police. Concluding, Gschwendt-
ner summarizes [14], that “… accidents involving 
property damage occur 42 times more frequently 
than accidents involving personal damage in Ger-
many”. This research indicates that besides its im-
portance to save lives, ADAS has the highest mon-
etary impact on accidents in the operational field 
of property damage and is therefore further dis-
cussed in this paper.  
To determine the corresponding effectiveness of 
ADAS, Gschwendtner proposed new accident 
types, that provide a detailed description regarding 
the accident cause for property damage [17]. He 
further developed variables that influence the 
monetary benefit of ADAS in the field of property 
damage and conducted a potential estimation us-
ing so called property damage risk functions [18, 
19].  

AIMS AND OBJECTIVES  

To determine the effectiveness of ADAS addressing 
property damage accidents using an insurance in-
depth accident database by applying the presented 
current state of science and technology, the follow-
ing problems arise:  
Previous accident evaluations using in-depth data-
bases are focused on bodily injury. Especially prop-
erty damage documentation is generally not as de-
tailed, compared to bodily injury, since mostly no 
police reports or medical reports are available. 
Hence, especially when investigating property 
damage, it is necessary to understand the kinemat-
ics of the accident in order to determine ADAS ef-
fectiveness. Consequently, new methods have to 
be developed, to derive accident kinematics fo-
cused on property damage. To perform a retro-
spective ADAS evaluation, it is necessary to have 
information concerning corresponding ADAS 
equipment. To perform prospective ADAS evalua-
tions, accident cases have to be reconstructed. Due 
to high case numbers and low documentation qual-
ity, reconstructions are mostly not feasible.  
The aim of this paper is to propose a database lay-
out with parameters that comply with the require-
ments and information quality of property damage 
claims that allow an accurate evaluation of acci-
dent kinematics. Furthermore, the accident kine-
matics are evaluated monetarily and combined 
with ADAS equipment rates. In addition, monetar-
ily relevant accident kinematics will be determined 
and clustered. Corresponding test scenarios that 
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match the identified accident clusters can be de-
rived and build the foundation of further prospec-
tive evaluation analysis of future ADAS addressing 
property damage.  

METHODS AND DATA SOURCES 

The proposed ADAS evaluation method (Figure 3) 
addressing property damage based on insurance 
claims is divided into three parts: Data Source, Da-
tabase and Analysis. 

 

Figure 3: Method to evaluate ADAS addressing prop-
erty damage based on insurance claims. 

1. Data Source 
A relevant selection of insurance data (third party 
liability and motor own damage collisions) is gen-
erated. At this point parameters, e.g. the time pe-
riod and the analyzed vehicle type have to be spec-
ified. Additionally, it is necessary to generate a rep-
resentative sample of data. In case it is required to 
downsize a sample due to time expense, it is pro-
posed to do so regarding the claim expenditure.  
 
2. Database 
An in-depth accident database is created. In order 
to monetarily evaluate ADAS effectiveness in the 
field of property damage, it is essential to under-
stand the cause and the kinematics of each individ-
ual accident. Furthermore, the monetary influence 
of an accident has to be known. To reflect an acci-
dent within a database as precisely as possible, cor-
relating parameters have to be chosen and coded 
according to the real-world accident. In the past, 
this approach was mostly used for evaluating the 
effectiveness of ADAS addressing bodily injury. 
Medical, technical and police reports contribute to 
understanding the accident, as most of these cases 
are technically reconstructed and therefore pre-
processed. When assessing property damage acci-
dent cases, most of the mentioned reports are not 
available, as due to usually small damage extents, 
no report was made by police and for instance no 
technical expert was consulted to settle the dam-
age claim. To compensate for this possible infor-
mation loss and to evaluate ADAS addressing prop-
erty damage using an in-depth accident database, 
five categories of parameters are proposed: 

 
General Accident Information 
This category captures general information regard-
ing the accident, as the date, the time and the lo-
cation of the damage. Further, the expenditure and 
the repair cost of all involved vehicles are specified 
here separately.  
 
Environmental Factors 
Environmental factors can affect the effectiveness 
of ADAS and are therefore specified within the da-
tabase. Specially focused parameters are the light-
ing conditions when the accident happened, e.g. 
daylight, night, dawn / dusk, the roadway surface 
and the condition of the roadway surface. Low fric-
tion values, due to unpaved or slippery road sur-
faces, or slippery surfaces caused by rain, snow or 
ice are documented.   
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Damages and Repair Method 
A detailed analysis of vehicle damages and corre-
sponding repair methods help to classify property 
damage accidents in order to evaluate ADAS. A 
method was developed to determine the accident 
cause and kinematics using a detailed analysis of 
damaged vehicle components and locations. 
 
Damaged components: 
In the first step, three different layers of potentially 
damaged vehicle components were defined         
(Figure 4).  

  

Figure 4: Classification of different layers regarding 
potentially damaged vehicle components, picture 
source [20]. 

The classification of vehicle components relating to 
their position within the vehicle structure gives re-
liable information concerning the severity of the 
accident.  

Table I: Exemplary selection of vehicle components 
in each layer. 

Outer vehicle components 

e.g.: Head- / taillight, bumper covering, 
door, fender, side panel, sill, ADAS 
sensor, exterior mirror, tire, rim 

 

First layer of vehicle components 

e.g.: 
 

Cross member, radiator, air-condition 
condenser, intercooler 

 

Second layer of vehicle components 

e.g.: Longitudinal member, pillar 

 

As damaged vehicle components have a major in-
fluence on the claim expenditure, the level of dam-
age to the vehicle components can distinguish be-
tween a direct impact to the vehicle and a damage 
due to grazing, only damaging outer vehicle com-
ponents. Table I shows an exemplary selection of 
vehicle components in each layer.   
 
Repair Method: 
The repair method of damaged vehicle compo-
nents is determined and documented within the 
database, as the accident data is surveyed second-
arily. Depending on the extent of damage, the re-
pair complexity or cost of labor work of a certain 
component, some components are usually repaired 
and some are usually replaced. Statistical analysis 
aims to get a better understanding regarding the 
general damage occurrence and contributes essen-
tial information to repair research. Furthermore, 
repair approaches of different auto repair shops 
can be compared and analyzed. Figure 5 shows an 
example of replacement and repair rates for 188 
damages to bumper coverings (front and rear) and 
side panels (left and right) based on 255 analyzed 
Audi A8 motor own damage (MoD) collisions. It can 
be derived, that side panels are generally repaired 
and bumper coverings are usually replaced. As side 
panels are complex and expensive components, in 
most cases, only certain cutouts are repaired, or 
dent repair is performed if possible. Due to compa-
rably low bumper covering spare part prices, gen-
erally only small damage, e.g. paintwork is con-
ducted in terms of repairing. 

 

Figure 5: Repair method of bumper covering and side 
panel based on Audi A8 MoD collisions. 
 
Horizontal damage: 
The horizontal location of a damage to a vehicle 
specifies its exact position independently from the 
corresponding component. A fictitious vehicle seen 
from top view is divided into fourteen segments. 
Figure 6 shows horizontal damage segments A – N 
similar to [21].  
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Figure 6: Horizontal damage, picture source [20]. 
 
Vertical damage: 
The fictitious vehicle is divided into three segments 
I to III to specify the corresponding damage verti-
cally as shown in Figure 7 (similar to [21]). 

   

Figure 7: Vertical damage, picture source [20]. 

Besides the exact specification of a damage within 
the database, the horizontal and vertical analysis 
can help to understand the cause of the accident in 
terms of the opponent’s object size and height. 
 
Combination of horizontal and vertical damage 
The combination of horizontal and vertical damage 
locations allows a damage raster view of the front, 
rear, left and right side of the vehicle (Figure 8).  

 

Figure 8: Damage locations in raster view front, rear, 
left and right side, picture source [20]. 
 

Direction of Impact: 
The direction of the impact that caused the damage 
is specified according to [21] using twelve intervals 
of 30 degrees (Figure 9). The combination of dam-
aged components, damage locations, repair method 
and the direction of impact helps to derive the acci-
dent situation.  

 

Figure 9: Direction of impact according to [21], pic-
ture source [20]. 
 
Vehicle Characteristics 
In order to retrospectively determine the effective-
ness of ADAS, vehicle characteristics may be speci-
fied using the corresponding Vehicle Identification 
Number (VIN) of the damaged vehicle. Information 
regarding vehicle brand, model and ADAS equip-
ment can be derived. Additionally, special equip-
ment as costly headlights or sensors are specified 
within the database, as damages to components 
with high repair or replacement costs indirectly 
lower the monetary effectiveness of an ADAS. 
 
Accident Situation 
The accident situation sums up all information re-
garding the accident kinematics and cause and 
specifies the corresponding accident type and acci-
dent kind within the database. The horizontal dam-
age location is analyzed in relation to the direction 
of impact. Figure 10 shows an exemplary property-
damage accident evaluation with accident type 801 
between the policy holder vehicle (MoD collision 
claim) and a third party vehicle (corresponding TPL 
claim). Accident type 801 describes an accident of 
one vehicle parking hitting another already parked 
vehicle [17]. As the accident type 801 does not 
specify the driving direction (forward / backward) 
and the driving behavior (no steering, steering left, 
steering right) of the moving vehicle, detailed anal-
ysis is necessary. The comparison of horizontal 
damage location frequencies of both vehicles in 
combination with the corresponding directions of 
impact reveal the kinematics of the accident. 
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Figure 10: Exemplary evaluation of property damage accident according to [21], 
picture source [20].

In this case, the rear right edge of the moving vehi-
cle hit the front right door of the stationary vehicle. 
As the components of both vehicles are deformed 
and both areas of damage are relatively small,  it 
can be assumed, that a direct impact rather than a 
damage due to grazing occurred. Further, it can be 
assumed, that the driver of the moving vehicle was 
driving in a straight direction, as otherwise, the 
damaged location would have been bigger at least 
on one of the vehicles and more components 
would have been exposed to grazing rather than 
denting. In addition to the pictures, repair costs 
broken down into wages based on working hours, 
paintwork and spare parts for every individual ac-
cident case provide an impression of where the fo-
cus of expenses lay.  
 
3. Analysis 
The data within the proposed in-depth accident da-
tabase can be used for both retrospective and pro-
spective analysis. The retrospective analysis can be 
conducted using the numerous parameters regard-
ing accident kinematics and cause in combination 
with the corresponding ADAS equipment.  
To determine ADAS effectiveness prospectively, ac-
cident occurrence is clustered using corresponding 
accident types and vehicle damage information. 
Test scenarios addressing relevant accident kine-
matics were derived and monetarily weighted ac-
cording to accident data [22]. Feig [23] describes in 
his research a method to monetarily evaluate ADAS 

effectiveness prospectively using the in-depth acci-
dent database. ADAS performance within real tests 
return speeds until collisions can be avoided for 
each test scenario. Feig developed a method to link 
avoidance speeds within test scenarios to accident 
cases in the in-depth accident database using 
speed distributions [23]. Consequently, accident 
cases within the database that would have been 
avoided due to the ADAS can be determined, and a 
monetary benefit can be calculated.   

RESULTS 

An in-depth accident database containing 5,000 prop-
erty damage accident cases is currently being created 
by Allianz Center for Technology (AZT) and Allianz Au-
tomotive Innovation Center (AIC) using insurance 
claim files. 
 
Monetarily representative selection of relevant 
claims 
In order to create an in-depth accident database, 
comprehensive accident data has to be utilized. How-
ever, as not all insurance claims regarding motor own 
damage (MoD) are relevant for ADAS evaluation, only 
certain kinds of claims - collisions with other motor 
vehicles and collisions without contact to other motor 
vehicles - are selected. Accidents due to fire, explo-
sion, lighting, theft, etc., were not considered, as 
ADAS would not have an effect on it. Third party lia-
bility (TPL) claims can either emerge in the field of 
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property damage or bodily injury. In this paper bodily 
injury claims will not be taken into further considera-
tion, as shown above, property damage has the high-
est monetary impact on accident data. 10,918 MoD 
and 16,098 TPL property damage claims of the vehicle 
models Audi A1, A3, A4, A6, A8, Q3, Q5, Q7 were re-
quested for the years 2013 and 2014 from the Allianz 
actuary, each damage case with the following specifi-
cations: 

 Date of  the damage 

 Claim expenditure 

 Vehicle identification number 

 Internal claim number 

Table II shows the total number of claims vehicle spe-
cifically received from the actuary. 

Table II: Claim samples from actuary. 

Vehicle type 
Number of claims 

MoD TPL property 

A1 679 2,097 

A3 558 1,168 

A4 5,048 5,436 

A6 1,596 2,834 

A8 255 294 

Q3 589 1,069 

Q5 1,671 2,248 

Q7 522 952 

Monetarily representative claim samples were se-
lected vehicle type specifically due to a time-consum-
ing process of data analysis. Figure 11 shows the pro-
cess and the number of claims to be analyzed.  

 

Figure 11: Distribution of claims. 

Table III shows the monetarily representative selec-
tion of the vehicle types for MoD collisions and TPL 
property claims. For Audi A8 a full sample was used 
for analysis, as only 255 MoD collisions and 294 TPL 
property claims were available.  

Table III: Representative claim samples for analysis. 

Vehicle type 
Number of claims 

MoD TPL property 

A1 480 479 

A3 479 484 

A4 478 479 

A6 479 479 

A8 255 294 

Q3 471 475 

Q5 478 478 

Q7 464 476 

 
Analysis 
The accident occurrence of 255 motor own damage 
collision damage cases of Audi A8 in the year 2013 
and 2014 with a total claim expenditure of approxi-
mately 882,700 € were analyzed. 
Figure 12 shows the accumulated vertical distribu-
tion of damages to the Audi A8 based on frequen-
cies of every severity of damage (scratch to second 
layer damage). Approximately 58 % of the consid-
ered damages happened in the lower part of the 
vehicle from the bottom to the edge of the front 
headlight. Whereas only 38 % damages occurred in 
the middle part (headlight to bonnet) and 3 % in 
the upper part (windshield). Further research 
shows that in 72 % of self-inflicted MoD collisions 
no other vehicle was involved in the accident. 
These damages account for 62 % of the corre-
sponding claim expenditure. This analysis shows 
that most of the collisions of the assessed MoD 
property damage cases did not happen with other 
vehicles but objects of low height, which are espe-
cially difficult for ADAS to detect. However, the 
monetary benefit an ADAS can provide increases in 
case a third party vehicle is damaged within the 
same accident, thus the avoidable claim expendi-
ture rises. According to the considered MoD dam-
age cases, an additional monetary average of 20 %  

 

Figure 12: Vertical Damages (Audi A8 MoD collisions), picture source [20].
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of avoidable claim expenditure due to TPL oc-

curred. In the next step, horizontal damage fre-

quencies were analyzed (Figure 13). 

 

Figure 13: Horizontal damages (Audi A8 MoD colli-
sions), picture source [20]. 

                  Front:                                      Rear: 

             
Left Side: 

 

Right Side: 

 

Figure 14: Combination of horizontal and vertical 
damage (Audi A8 MoD collisions), picture source 
[20]. 

It can be derived, that the damages are more likely to 
happen to the front and the right side of the vehicle 
than to the rear and the left side.  
Figure 14 shows damage frequencies of the front, 
rear, left side and right side independently. Analysis 
reveals, that especially the vehicle’s edges and the 
lower area of the vehicle’s sides are exposed to dam-
ages.   
In order to determine ADAS effectiveness, accident 
types were used, to classify accident kinematics. Anal-
ysis was conducted, depending on the frequency a 
certain accident type occurred, the average claim ex-
penditure and the monetary relevance. The monetary 
relevance describes the product of both frequency 
and average cost and therefore represents the overall 
monetary risk of a corresponding accident type. It can 

be observed, that accident type 8 - parking and ma-
neuvering - has by far the highest frequency while the 
average claim expenditure is relatively low (Figure 
15). However, monetarily seen, accident type 8 ac-
counts for 45 % of the total claim expenditure of the 
considered MoD collision cases and is therefore the 
most important accident type for ADAS evaluation 
and development within property damage. Hence, 
accident type 8 has the highest monetary potential 
for ADAS and is therefore further discussed. 

 

Figure 15: Frequency, average claim expenditure 
and monetary relevance of accident types (Audi A8 
MoD collisions). 

An analysis regarding generic ADAS configurations 
was conducted using the in-depth accident database, 
showing a high potential concerning claim frequency 
and claim expenditure as to ADAS addressing parking 
and maneuvering (Figure 16). Although equipment 
rates within the analyzed samples are high, (100 % 
availability of parking assist (park distance control 
front and rear) and 78 % availability of rear cameras) 
ADAS addressing parking and maneuvering still seem 
to have certain limitations. 
As the analyzed parking and maneuvering systems 
(e.g. park distance control) are not automatically in-
tervening functions, the discussed limitations can be 
due to uncertainty factors as for example the individ-
ual driver reaction.  
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In order to increase the effectiveness of ADAS in the 
field of parking and maneuvering, autonomous inter-
vening parking systems have to be developed. 

 

Figure 16: Potential of generic ADAS (Audi A8 MoD 
collisions). 

The corresponding ADAS effectiveness can be deter-
mined prospectively, which on the one hand enables 

system developers to adjust and optimize system pa-
rameters at an early stage and on the other hand al-
lows a monetary system evaluation at market launch 
of the vehicle. 

Figure 17 shows the top ten most monetarily relevant 
accident types regarding parking and maneuvering 
using the in-depth accident database. Accident 898 - 
parking conflict without details - does not account for 
a high average claim expenditure, but due to its high 
frequency, it is the monetarily most relevant accident 
type. In this case, accidents could not be sorted into 
accident types with deeper details, as essential infor-
mation e.g. left or right steering during the accident 
was unknown. Unfortunately, this accident type can-
not be used for ADAS evaluation or development, as 
no further information besides parking and maneu-
vering is known. The second most monetarily relevant 
accident type within parking and maneuvering is 801. 
Besides the fact that one vehicle damaged a second 
parked vehicle, nothing else is known. Steering angle 
and driving direction are not further specified as per 
definition, even though it could have been derived 
from the claims. Another monetarily important acci-
dent type which is difficult to use regarding ADAS 
evaluation is 891.  

 
Figure 17: Frequency and average claim expenditure of accident type 8 (Audi A8 MoD collisions), 
picture source [17]. 
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Figure 18: Frequency and average claim expenditure of test scenarios for prospective analysis (Audi A8 MoD colli-
sions), picture source [22]. 

The accident type 891 describes hit and run accidents 
in which, besides damages, nothing else is known re-
garding the accident kinematics. In order to decrease 
inaccuracies due to low information levels, different 
accident types that have no influence on the function 
of the ADAS (due to sensor layout) e.g. position of ob-
ject (left / right) or object size (small diameter / large 
diameter) were accumulated and combined in eight 
test scenarios [22]. Accident types (regarding parking 
and maneuvering) involving two vehicles (e.g. 801) 
and accident type 898 were allocated manually using 
the high-detail damage data within the database. 
Within each test scenario, the most difficult situation 
for the ADAS to address is performed (e.g. collision 
test against small ISO-pole (diameter: 75 mm [24])  vs. 
large wall). Collisions with other vehicles (e.g. acci-
dent type 801) were treated as collisions with objects 
as there is no difference regarding the addressability 
for ADAS.  
The following test scenarios were developed (Table 
IV). Figure 18 shows 127 accident cases out of the as-
sessed accident occurrence of 255 Audi A8 damage 
claims in terms of frequency and claim expenditure 
analogue to Figure 17 and describes the monetarily 
most significant accident kinematics in terms of park-
ing and maneuvering. It can be derived, that test sce-
narios E, C and B have the highest monetary avoid-

ance potential regarding ADAS. Using these test sce-
narios in simulation or real test, ADAS addressing 
parking and maneuvering accidents can be evaluated 
prospectively, addressing a total potential of almost 
50 % of all MoD collision cases representing a total 
monetary potential of 40 %. 

DISCUSSION AND LIMITATIONS 

For the presented research, property damage insur-
ance claims of Audi vehicles of the years 2013 and 
2014 provided by Allianz Center of Technology (AZT) 
and Allianz Automotive Innovation Center (AIC) were 
analyzed. Therefore, this analysis is only valid for Audi 
vehicle respective Audi driver clientele. Due to high 
evaluation efforts per accident claim, representative 
data samples of approximately 450 - 480 damage 
claims were generated for different vehicle models 
dependent on the corresponding claim expenditure. 
Damage claim samples of MoD and TPL claims of Audi 
A1, A3, A4, A6, A8, Q3, Q5 and Q7 were analyzed. The 
conducted analysis in this paper was performed using 
255 MoD Audi A8 damage collision claims, as this 
sample was holistic. The impact of third party liability 
claims was estimated, as the cost of TPL cannot be 
predicted using accident kinematics. Approximately 
18 % of the available damage claims were not usable 
for ADAS evaluation due to non-accessible claims and 
hit and run accidents.  
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Table IV: Test scenarios for ADAS addressing park-
ing and maneuvering. 

Test Scenario 
[22] 

Accident Kinematics 

 Collison with ISO-pole driving 
forward straight. 
 
 
 
 

 Collison with ISO-pole driving 
backward straight. 
 
 
 
 

 Collision with ISO-pole cornering 
inside driving forward. Per-
formed turning left or right. 
 
 
 

 Collision with ISO-pole cornering 
outside driving forward. Per-
formed turning left or right. 
 
 
 

 Damage due to grazing on the 
left or right side driving forward. 
 
 
 
 

 Damage due to grazing on the 
left or right side driving back-
ward. 
 
 
 

 Collision with ISO-pole cornering 
inside driving backward. Per-
formed turning left or right. 
 
 
 

 Collision with ISO-pole cornering 
outside driving backward. Per-
formed turning left or right. 
 
 
 

CONCLUSIONS AND OUTLOOK 

In this paper, a methodology to retrospectively and  
prospectively evaluate ADAS for property damage is 
proposed. The method is divided into the sections 
data source, database and analysis. Regarding data 
source, different resources of data were investigated. 
Analysis showed that insurance data provides the 
most representative accident data, as also accidents 
that were not reported to the police are included. In 
the next step, a database layout for in-depth accident 
databases addressing property damage was pro-
posed. As the information level within property dam-
age accidents is generally low, this paper proposes to 
deeply research damaged vehicle components, loca-
tions and repair methods. Furthermore, damages to 
vehicles are connected to corresponding directions of 
the impacting force in order to reconstruct possible 
accident kinematics. Resulting accident kinematics 
can be directly connected to ADAS functionalities. Us-
ing equipment rates of ADAS, retrospective monetary 
effectiveness evaluations can be performed. Utilizing 
Audi A8 MoD collision damage claims, a high mone-
tary potential of ADAS addressing parking and ma-
neuvering was determined. Due to an already high in-
stallation rate of corresponding ADAS and high uncer-
tainty factors e.g. unpredictable driver reaction, a ne-
cessity for automatically intervening ADAS was 
shown. Test scenarios to prospectively evaluate ADAS 
were developed by Feig and Schatz using the in-depth 
accident database. Research shows a monetary  po-
tential of 40 % regarding parking and maneuvering 
within the analyzed Audi A8 MoD collision cases. Us-
ing these test scenarios, prototype ADAS in the field 
of parking and maneuvering can be evaluated. 
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ABSTRACT 
 
Typical effectiveness research into Advanced Driver Assistance Systems (ADAS) based on accident data covers 
the impact on injured or killed persons. While recent decades have seen a reduction in injuries, accidents with 
property damage continue to increase. Furthermore, in Germany, they have the highest economic cost. Due 
to the greater availability of systems that address property damage cases by avoiding or mitigating accidents, 
it is becoming increasingly interesting for manufacturers, insurers or customers to proactively evaluate the 
monetary effectiveness of these systems. Avoiding property damage accidents may result in a reduction of 
insurance premiums or repair costs for customers. This paper discusses a new method for benefit effectiveness 
evaluation in detail and investigates the most relevant property damage accidents for Germany: parking and 
maneuvering. Simulation results for an ADAS with fully-automated intervening functions and the hitherto-un-
known collision speed distribution for parking and maneuvering accidents based on a naturalistic driving study 
(SHRP2) are analyzed. The proposal described here is focused on lower collision speed accidents, as property 
damage accidents are 40 times more frequent in Germany than those resulting in bodily injury. Due to the high 
claim frequency and expectancy of property damage accidents, various ADAS offer a potential to mitigate or 
avoid accidents. These benefits need to be evaluated as a prospective, representative and monetary effective-
ness method. Thus, a bottom-up approach will be pursued in order to encourage the ADAS installation rate by 
highlighting its monetary benefit. 
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INTRODUCTION 

Accident research and typical effectiveness evalua-
tions of Advanced Driver Assistance Systems 
(ADAS) based on accident data primarily cover the 
impact on injured or killed persons. In recent dec-
ades, enhanced safety measures such as improved 
passive safety and infrastructure have led to reduc-
tions in bodily injury in high income countries [1, 
75ff]. In particular, active safety systems offer fur-
ther potential on the way to Vision Zero. ADAS may 
already interact during the pre-crash phase in or-
der to avoid or at least mitigate the consequences 
of an accident. 
By contrast, property damage accidents in Ger-
many continue to increase. Currently, up to 88 % of 
all accidents that are officially reported to the po-
lice involve property damage – around 2.5 million 
property damage cases to 0.3 million accidents in-
volving bodily injury in 2015 [2]. Furthermore, only 
a portion of all real-world accidents appears in the 
federal statistic. In 2015, 9.251 million claims were 
filed with German motor insurance companies, 
with an economic impact and expenditure of 21.9 
billion Euros [3, 74ff]. In more detail, around the 
world – in Australia, Germany, Korea, Japan, Swe-
den, United Kingdom and the USA – parking and 
maneuvering accidents are responsible for up to 
40 % of all claims and up to 30 % of all insurance 
claim costs [4].  
ADAS, which allow accidents to be avoided or at 
least mitigated, would offer a monetary benefit to 
customers and insurers. One advantage of a pro-
spective monetary effectiveness assessment is an 
ADAS evaluation prior to market penetration. This 
allows the further monetary impact to be exam-
ined, enabling manufacturers to include this evalu-
ation method early on in their product develop-
ment process for ADAS, to enhance traffic safety by 
avoiding or mitigating a greater number of acci-
dents, as well as those that are monetarily rele-
vant. 

RELATED WORK AND LITERATURE REVIEW 

Literature separates the evaluation methods for 
ADAS based on accident data between a 
retrospective and prospective approach. Both have 
the baseline accident database [5–7] in common:  
 
Retrospective Analyses 
The basic idea of retrospective analyses is to divide 
an accident database into at least two groups. One 

group has no supporting or intervening ADAS – a 
baseline group – and the other does have an ADAS 
– a system group. Comparing injuries, fatalities and 
claim costs for both groups allows us to investigate 
the effectiveness of an ADAS. This method has 
been used for various research analyses for bodily 
injuries [8, 9] as well for monetary [10–16] ADAS 
evaluations. Nevertheless, a retrospective analysis 
is time consuming: firstly, a system has to be devel-
oped by the manufacturer, then penetrated in the 
market and subsequently analyzed within an acci-
dent database. It is also problematic that, if an 
ADAS is a standard piece of equipment among all 
focused vehicles, then a representative baseline 
group has to be found – e.g. a similar vehicle or pre-
decessor model. An alternative application would 
be validation for prospective effectiveness evalua-
tions. 
 
Prospective Analyses 
Various research projects have been conducted to 
prospectively evaluate the effectiveness of future 
ADAS in influencing bodily injuries [5, 6, 17–20]. The 
main difference compared to the retrospective 
approach is that an accident database is copied. One 
dataset with collision events is analyzed without an 
ADAS and one with the focused system. The accidents 
in the dataset with ADAS are simulated or tested in a 
real-life scenario. An ADAS intervenes during the pre-
crash phase so that collision severity and parameters 
such as vectorial change of the velocity (delta v) or 
Energy Equivalent Speed (EES) is determined.  
Based on the collision parameters, injury probability 
functions are used to calculate the probability of 
different type of injuries. Thus, the two datasets, 
including the changes by means of an ADAS, are 
compared and the effectiveness in avoiding bodily 
injury may be determined. It is important for a 
representative analysis that the dataset/sample used 
is valid for  federal accidents statistics, for instance. 
Methods like raking make it possible to achieve 
representativity [19].  
Gschwendtner [21, 22] adopted the method 
described above for property damages. Compared to 
the injury risk function, the defined property damage 
functions to determine the probability of replacing or 
repairing different outer attachment parts under the 
influence of EES due to an impact. A potential benefit 
study for a monetary evaluation of ADAS was 
performed, and shows that ADAS is highly beneficial 
in preventing parking and maneuvering accidents. 
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AIMS AND OBJECTIVE 

Retrospective analyses of bodily injuries as well as 
of monetary effectiveness have been conducted for 
various ADAS. By contrast, a prospective and rep-
resentative analysis offers the advantage that an 
ADAS can be optimized during the product devel-
opment process, in terms of its hardware and soft-
ware. Furthermore, this allows customers, insur-
ance companies and manufacturers to be aware of 
the monetary benefit prior to market start. 
Firstly, this paper proposes a prospective and rep-
resentative effectiveness assessment method for 
an accident-preventing ADAS. The approach also 
includes real-world ADAS performance evaluated 
by real tests. 
Secondly, the method is applied to parking and ma-
neuvering accidents, which are monetarily relevant 
in Germany. Test scenarios are analyzed to evalu-
ate real world ADAS performance, as well as natu-
ralistic driving study (NDS SHRP2) results for deriv-
ing velocity profiles during parking. 
Thirdly, the monetary influence of different low-
speed AEB systems is discussed. In addition, the in-
fluence of ADAS hardware parameters on parking 
accidents is shown by means of simulation. Not 
only are possible means of accident avoidance dis-
cussed, but also the monetary influence of differ-
ent sensor ranges is determined according to the 
proposed evaluation method. 

METHOD AND DATA SOURCE 

The general methodology for a prospective mone-
tary assessment is separated into four steps 
(Figure 1): 

1. Accident Database 
2. ADAS Performance Evaluation 
3. Effectiveness Assessment 
4. Monetary Evaluation 

Accident Database 
Firstly, an in-depth claim database of the Allianz 
Center for Technology (AZT), consisting of 5,000 Al-
lianz insurance claims, is used as the data source. 
For a prospective evaluation, existing databases 
such as German In-Depth Accident Study (GIDAS) 
are not suitable, as their focus lies on evaluating 
bodily injuries or federal statistics, without more 
in-depth information regarding the accidents. 
Thus, the variables investigated here are different 
to those in existing databases. In his research, 
Schatz describes the fundamentals for a prospec-
tive monetary database [23].  

The database evaluation enables accident types to 
be clustered with the highest claim expectancy al-
lowing the most relevant and realistic test scenar-
ios to be determined. Due to the in-depth data-
base, further information about severity, damaged 
parts and moving direction is aggregated to sensor 
equivalent scenarios  for precise knowledge of the 
pre-crash phase [17], [19]. 

 

Figure 1. Four Step Method for Monetary ADAS 
Evaluation. 

ADAS Performance Evaluation 
Secondly, using either simulations or real tests, col-
lision avoidance capability of ADAS are investigated 
based on established test scenarios. The maximal 
initial velocity for accident avoidance by means of 
an ADAS is determined. Fundamental investiga-
tions through simulation of parameters examine 
the influence of different sensor sets, detection 
ranges or impact of different acquisition times of 
algorithms.  
 
Effectiveness Assessment 
Thirdly, after a performance evaluation, the effec-
tiveness of an ADAS is analyzed. By this point, a 
maximum initial velocity is known by step 2. The 
following step 3 answers the question of how many 
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accidents within an accident database, clustered to 
test scenarios, could have been avoided accord-
ingly. Since an ADAS intervenes in the pre-crash 
phase, initial velocity distribution combines ADAS 
performance with the assessment of the accidents 
avoided within the applied database. 
Either reconstructed real-world accidents or natu-
ralistic driving studies are used to determine initial 
velocity profiles of accidents linked to the assessed 
ADAS operational field.  
Strategic Highway Research Program (SHRP2) natu-
ralistic driving data [24, 25], including real-world 
accidents, are utilized for parking and maneuvering 
to determine the initial and collision velocity distri-
bution of property damage accidents. The common 
method when other accident databases, such as 
GIDAS, are used is accident reconstruction. How-
ever, due to lower velocity during parking and 
fewer traces in low-speed accidents, this would re-
sult in a less-precise collision velocity and general 
accident reconstruction within property damage 
cases compared to a naturalistic driving data ap-
proach with a more precise data acquisition sys-
tem. This includes information such as video clips 
prior to crash, velocity tracked by GPS/onboard-di-
agnostics or steering angle. 
 
Monetary Evaluation 
Combining an accident database with knowledge of 
claim expectancy, the efficacy of simulated or prac-
tically-tested ADAS allows the prospective mone-
tary effectiveness of an ADAS to be determined. By 
step three, the proportion of avoided accidents 
within the accident database is known, and the re-
pair costs and claim expenditure that have been 
avoided accordingly may be evaluated through 
summation of all the events avoided. 

RESULTS 

In the following section, the proposed method is 
applied to parking and maneuvering accidents. This 
type of accident has a high claim frequency and 
claim expenditure in Germany. The AZT database 
shows that, for a luxury class vehicle such as an 
Audi A8 (N=255), up to 50 % of the claim frequency 
and 40 % of the claim expenditure within motor 
own damage insurance collisions could be avoided 
if a 360° low-speed Autonomous Emergency Brak-
ing (AEB) system were used. This specification of 
AEB should protect front, rear and especially the 
sides of a vehicle due to high repair costs caused by 
parking and maneuvering accidents. Furthermore, 

avoided motor own damage claims may also result 
in third-party liability claims being avoided. This 
means that a high positive monetary effectiveness 
is expected for a low-speed 360° AEB. Further in-
formation about the accident database evaluation 
is described by Schatz [23]. According to step 1 in 
our methodology, test scenarios are derived for 
these type of accidents. Sensor equivalent scenar-
ios were determined. A test protocol [26] was de-
veloped to standardize test environments for real-
world ADAS performance or as a basis for simula-
tions. Table 1 shows the eight different scenarios, 
including the aggregated accident types, claim fre-
quency and claim expenditure within motor own 
damage collision claims for a luxury model class ve-
hicle.  
The scenarios differ between moving direction – 
forward or backward, steering – straight or corner-
ing – and collision object – cornering inside or out-
side with different outer attachment parts as a col-
lision zone with a test vehicle. 
Step 2 discusses generic low-speed AEB systems. 
This includes different avoidable collision zones, 
such as only front and rear or including the sides as 
well as different maximum avoidable initial veloc-
ity. Furthermore, the proposed approach enables a 
monetary ADAS hardware evaluation according to 
its performance. For a generic system, the influ-
ence of sensor range on crash avoidance and mon-
etary impact is simulated and discussed. This 
method may be used in a future product develop-
ment process to evaluate different hardware com-
ponents. 
Based on real-world evaluated ADAS or on simula-
tions, the maximal avoidable initial velocity for 
parking and maneuvering crashes are determined 
in step 2. Step 3 analyzes a hitherto-unknown colli-
sion velocity distribution for parking and maneu-
vering accidents. The effectiveness of an evaluated 
ADAS for parking and maneuvering is evaluated by 
real-world crashes within the NDS SHRP2 data. Nei-
ther a representative in-depth property damage 
accidents database (including reconstructed non-
bodily injury cases) is available nor does the com-
mon approach of deriving accident and initial ve-
locity distributions for effectiveness assessments 
of ADAS by reconstructed crashes enable due to 
the expected tolerance the use of low-speed acci-
dent reconstructions. NDS studies with a data ac-
quisition system including velocity and video data 
during the pre-crash phase allow more precise 
evaluations to be performed. 
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Table 1. 
Test scenarios for parking and maneuvering, as well 
as claim frequency and relative claim expenditure 
within motor own damage collisions for an Audi A8 

(N=255, AZT Database). 

Test 
scenarios 

[26] 

Included 
accident 

types, 
 according 

to [27] 

Claim 
fre-

quency 

Relative 
claim 

expendi-
ture 

 

811,  
831,  
851. 

4.7 % 5.0 % 

 

711, 712, 
821, 841, 

861. 
11.0 % 6.9 % 

 

702, 706, 
812, 814, 
832, 834, 
871, 873, 
875, 877. 

11.4 % 7.4 % 

 

701, 707, 
813, 815, 
833, 835, 
872, 874, 
876, 878. 

3.9 % 2.6 % 

 

816, 817, 
836, 837, 
856, 857. 

10.2 % 8.7 % 

 

826, 827, 
846, 847, 
866, 867. 

4.3 % 2.1 % 

 

705, 822, 
824, 842, 
844, 862, 
864, 881, 
883 885, 

887. 

1.2 % 1.1 % 

 

704, 823, 
825, 843, 
845, 863, 
865, 882, 
884, 886, 

888. 

3.1 % 2.3 % 

The NDS SHRP2 data used includes more than 4,300 
years of driving, around 3,400 participants and 
3,300 participant vehicles [24]. For our research, 
1,465 crashes and 2,710 near-crash events were 
available [28]. The data consists of time series data, 
like vehicle velocity or brake application, manually-
coded event data and forward-looking videos for 
crash and near-crash events. The available crash 
events were clustered based on the proposed test 
scenarios above (step 1 of our methodology). 172 of 
1,465 accidents – including low risk tire strikes – re-
mained. Due to our research focus, for a low-speed 
AEB system preventing collisions with objects or 
vehicles, 37 usable cases remained. Finally, 37 ac-
cidents that occurred while entering or leaving a 
parking position (25 in a forward and 12 in a back-
ward direction) are available for an effectiveness 
assessment of a low-speed 360° AEB discussed in 
this paper. 
Therefore, velocity distributions were analyzed for 
different sensor-measured Time To Collisions 
(TTC). A TTC equal to zero is collision velocity and 
the example 0.5 s means that a sensor would have 
detected a possible collision within that TTC. A dis-
tinction was made between forward and backward 
driving. Due to a sampling rate of 10 Hz within the 
time series data, a velocity distribution is available 
every 100 ms. Figure 2 uses boxplots to show three 
different sample TTC velocity distributions (left: 
forward moving direction; right: backward). It is 
clear that the initial velocity, which is relevant for 
an ADAS intervening in that period of an accident, 
is higher than the collision velocity for forward as 
well as backward collisions (TTC = 0 s). Further-
more, backward velocity tends to be slower than 
forward. Within a sensor-measured TTC less than 
1 s, 25th percentile is 3.9 km/h forward and 
3.4 km/h backward, median 5.9 km/h and 
3.7 km/h, 75th percentile 8.6 km/h and 5.2 km/h 
and maximum velocity is 14.4 km/h and 8 km/h. In 
addition, Figure 3 shows the cumulative velocity 
curves for TTC = 1.0 s for forward and backward 
collisions. 
Step 3 answers the following question: How many 
accidents may be avoided by means of a low-speed 
ADAS? If a system enables avoidance up to 10 km/h 
for test scenarios according to the proposed test 
protocol and needs to intervene due to sys-
tem/brake delay and decelerating phase at a TTC = 
1 s, up to 85 % of forward scenarios (A, C, D, E) and 
all backward (B, F, G, H) may be avoided. The rele-
vant TTC is achieved directly by a velocity plot of  
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Figure 2. Velocity distribution for forward and back-
ward parking and maneuvering accidents within dif-
ferent time to collisions. 

 
Figure 3. Cumulative velocity curve for a sample time 
to collision of 1.0 s. 

real tests or simulations, or by equations of motion 
used in accident reconstructions.  
Therefore, values for parameters such as sen-
sor/brake delay and maximum possible decelera-
tion are used from literature to compute a TTC for 
system actuation in order to achieve crash avoid-
ance. Interpolation can be used to determine a ve-
locity distribution between our sampling rate of 
10 Hz (each 100 ms). 
Finally step 4: the effectiveness of each test sce-
nario is calculated by the velocity distributions in 
step 3. The monetary assessment is conducted by 
means of summation of the numerically-ordered 
accident cases clustered to each group of test sce-
narios. Thereby, following our example, it was ana-
lyzed that 85 % of forward scenarios could have 
been avoided with an ADAS fulfilling the eight test 
scenarios up to 10 km/h. Each real-world case 
within our accident database labeled by forward 
scenarios – A, C, D and E – is ordered numerically 
according to claim expenditure. Summing up the 
claim expenditure of the first 85 % of claims for 
each forward test group allows us to evaluate the 
monetary benefit for this specific real-world tested 
ADAS. The same process is used for backward sce-
narios – B, F, G and H – with an effectiveness deter-
mined here of 100 %. 
The assumption for the numerical order is used be-
cause for one test scenario it is expected that a 

higher collision velocity, and accordingly higher en-
ergy equivalent speed, causes higher repair costs. 
For practical reasons, in a secondary survey insur-
ance claims database each individual case is not 
available in reconstructed form, which means that 
this approach is used to sort higher claim expendi-
ture according to higher impact velocity. 

System and Parameter Variation for Monetary Ef-
fectiveness Assessment of Low-Speed AEBs for 
Parking and Maneuvering 
In this section, different operational fields of low-
speed AEBs for parking and maneuvering-related 
crash avoidance are discussed. Firstly, the effec-
tiveness for systems avoiding different initial veloc-
ity according to the proposed test protocol and sce-
narios are determined. By means of our methodol-
ogy, monetary effectiveness is also assessed. Fur-
thermore, ADAS hardware parameters such as sen-
sor range are evaluated according to their mone-
tary benefit. Therefore, a parameter variation is 
simulated in order to determine maximal avoidable 
initial velocity within test scenarios, and accord-
ingly the sensor range may be linked directly to 
monetary assessment. 
Six different systems and operational fields are dis-
cussed in the following part of this paper. This dif-
ferentiation includes moving direction (for-
ward/backward), straight or cornering and initial 
crash avoidance velocity. E.g. system 1 is able to 
avoid forward collisions: 

 System 1: A 

 System 2: A, E 

 System 3: B  

 System 4: B, F 

 System 5: A, B, E, F 

 System 6: all scenarios 

Figure 4 shows claim frequency reduction within 
motor own damage collisions due to different low-
speed AEB systems (for parking and maneuvering). 
The analysis conducted is based on German motor 
own damage collision claims insurance database of 
AZT for the claims years 2013 and 2014 for a luxury 
class vehicle model, such as Audi A8. The figure be-
low reveals the claim frequency reduction under 
the influence of avoidable initial velocity within 
test scenarios. Firstly, a 360° low-speed AEB for 
parking and maneuvering accidents has an effec-
tiveness of up to 50 % of all motor own damage col-
lision claims. Furthermore, it can be seen that a sys-
tem operating only forward (system 1) has a lower 
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effectiveness than backward (system 3) because 
more parking-related accidents occur while revers-
ing within our database. In addition, preventing 
graze or side collision leads to an even higher ef-
fectiveness (system 3, 4 and 5). Nevertheless, add-
ing to the operational field side collisions due to 
cornering the claim frequency potential rises to 
30 % (system 5 compared to system 6). Backward 
operating systems show a performance increase of 
up to 7 km/h and forward up to 13 km/h. The rea-
son for this result is caused by the velocity profile 
derived from the SHRP2 NDS. 
Figure 5 combines the effectiveness assessment 
conducted with a monetary benefit determined ac-
cording to the proposed method in this paper. 
Whereas a low-speed 360° AEB enables a reduction 
of up to 40 % in claim expenditure for motor own 
damage collisions. Again, avoidance of cornering 
accidents concerning vehicles sides significantly in-
creases the monetary benefit of an ADAS by 15 %. 
Backward operating systems (excluding grazing col-
lisions) are still more effective for avoiding mone-
tary claims than forward. However, due to the 
higher repair costs involved with front collisions 
the difference in reduction is smaller than for claim 
frequency.  
The reason for this result is that optional equip-
ment (such as LED headlights or radar sensors for 

 

Figure 4. Claim frequency reduction within motor 
own damage collisions for six sample low-speed 
parking AEB systems. 

 

Figure 5. Claim expenditure reduction within motor 
own damage collisions for six sample low-speed 
parking AEB systems. 

adaptive cruise control) increase repair costs due 
to the installation position for front crashes during 
parking and maneuvering than reversing collisions.  
A possible further reason could be that the forward 
collision velocity is determined to be greater than 
backward, and repair costs are accordingly higher.  
In the next chapter of this paper, specific ADAS are 
simulated in order to evaluate sensor range and its 
claim expenditure reduction potential. Therefore, 
system 5 is simulated with rateEFFECT. This soft-
ware tool has already been used in different re-
search analyses [29–31]. System 5 includes forward 
and backward collision avoidance without corner-
ing. Therefore, an ultrasonic-based ADAS has been 
designed with four sensors in the front and four in 
the back, which is what most parking assist systems 
consist of. The system and simulation layout is de-
scribed in Figure 6. Based on ultrasonic sensor 
measurement in combination with a TTC estimator, 
the AEB algorithm is triggered. If a measured TTC is 
below the activation threshold – modeled by a re-
lay for each sensor – brakes were fully applied (sim-
ple algorithm) and actuators influence vehicle dy-
namics in order to avoid a possible collision. Fur-
thermore, the following system parameters were 
used (Table 2). 

 

Figure 6. Low-speed AEB system algorithm design. 

  

Sensor

TTC Estimator

Relay

Simple Algorithm

Brake Calculator

Tire Brake Calculator
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Table 2. 
Applied simulation parameters. 

Parameter Value 

Sensor range Variable 

Sensor angle 120° [32] 

Coefficient of friction 
(assumed) 

0.8 

Acquisition time 
sensor (assumed) 

0.15 s 

System delay 0.1 s [19] 

Brake system delay 0.05 s [33] 

Brake gradient 28.6 m/s³ [19] 

According to the simulations conducted under the 
influence of sensor range for each sensor set, the 
maximal avoidable initial velocity for each test sce-
nario is determined – for system 5 layout, the sce-
narios A, B, E, F. By means of the methodology pre-
sented, the claim frequency reduction and claim 
expenditure for a luxury class within motor own 
damage insurance collision claim cases is evaluated 
(Figure 7). The analysis reveals that there is a sig-
nificant increase in claim frequency and expendi-
ture reduction up to a sensor range of 1.3 m (avoid-
able velocity of 7 km/h). 
The reason for the following saturation is that 
backward collision within the velocity distribution 
we have used occurs up to this velocity range. A 
system offering a guaranteed sensor range up to 
2.6 m increases the claim expenditure reduction by 
a further 8 %. Therefore, different sensor sets and 
expected installation costs may be discussed in the 
product development process. For ultrasonic sen-
sors in particular, a high fidelity range of up to 
2.6 m may be challenging, which means that for 
sensor fusion, a camera system with additional sys-
tem and development costs could be necessary. 
The significant increase in claim expenditure reduc-
tion compared to claim frequency around a 2.6 m 
sensor range occurs because with a greater sensor 
range, collision with higher initial velocity and ac-
cordingly repair costs may be avoided.  

DISCUSSION AND LIMITATIONS 

The analyses conducted are limited to German in-
surance data derived by AZT. The claims occurred 
in the years 2013 and 2014. Within motor own 
damage insurance, only collisions (not vandalism, 
theft, explosion, etc.) where an ADAS could have 
intervened were considered. Furthermore, the ve-
hicle class is limited to luxury models  
  

 

 

Figure 7. Claim frequency and claim expenditure re-
duction under the influence of sensor range for sys-
tem 5. 

such as an Audi A8. Nevertheless, the same proce-
dure proposed here may be used for other vehicle 
classes. Further influencing parameters such as 
surface condition or lighting were not conducted 
but can be directly implemented in our methodol-
ogy by changing the maximum avoidable initial ve-
locity. The velocity curves are also derived from 
SHRP2 data within USA and of limited sample size.  

CONCLUSION AND OUTLOOK 

This paper described a prospective monetary ADAS 
effectiveness assessment. This includes the possi-
bility of evaluating real tested ADAS based on test 
scenarios. The main steps in this approach are a 
monetarily-representative database, ADAS perfor-
mance evaluation, effectiveness assessment and, 
finally, monetary evaluation. 
In particular for low-speed accidents – parking and 
maneuvering related – a high monetary effective-
ness for customers and insurance companies can 
be determined. A 360° low-speed AEB system, ve-
hicle front, back and side protection – offers a re-
duction in claim frequency of up to 50 % for motor 
own damage collisions and a up to 40 % of claim 
expenditure for a luxury class vehicle. Based on a 
prospective evaluation method, these investiga-
tions can be conducted before an ADAS enters a 
market. Furthermore, as early as in the product de-
velopment process it is possible to evaluate not 
only sensor hardware due to accident avoidance 
capability but also monetary effectiveness due to 
customers’ avoided repair or insurance costs. 
The next steps are to offer a sensitivity analysis of 
the conducted effectiveness assessment for park-
ing and maneuvering by evaluating surface and 
lighting conditions for low-speed AEB systems, in-
cluding real tested parking-relevant ADAS.  
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ABSTRACT 
 
The occurrence and severity of traumatic brain injury (TBI) in automotive crashes has remained a major issue. Since 
a mechanism of TBI has been understood as head rotational kinematics, the Brain Injury Criterion (BrIC) was 
developed, which assesses rotational velocity about each of three axes. The aim of this study is to investigate 
characteristics of head rotational kinematics and their effects on TBI metrics in full frontal and frontal oblique 
crashes. Head rotational kinematics of the THOR dummy were analyzed utilizing 120 cases, which consisted of 0° 
sled tests, 15° sled tests, full frontal rigid barrier vehicle crashes (FRB), and frontal offset obliquely-oriented moving 
deformable barrier vehicle crashes (OBL). Six degree-of-freedom head kinematics were applied to the average male 
model of the Global Human Body Model Consortium. Through finite element simulations, three tissue-level metrics 
for TBI were calculated, namely, cumulative strain damage measure (CSDM) for diffuse brain injury, maximum 
principal strain (MPS) for hemorrhage and contusion, and maximum bridging vein strain (MBVS) for acute subdural 
hematoma. Head flexion-extension motion (ωy) was dominant in the 0°/FRB cases, while head twist motion (ωz) 
was dominant in the 15°/OBL cases. BrIC values in the 15°/OBL cases were significantly higher than the 0°/FRB 
cases. CSDM and MPS showed fair correlations with ωz (R

2 = 0.45 and 0.55, respectively), while MBVS was best 
correlated with ωy (R2 = 0.50). BrIC had a good correlation with CSDM and MPS (R2 = 0.60 and 0.64, 
respectively), while its correlation with MBVS was weak (R2 = 0.16). Compared to TBI risks based on BrIC values, 
the risks based on CSDM values were higher in the 0°/FRB cases and lower in the 15°/OBL cases. Additional 
analysis demonstrated that adjustment of the relative weighting of the head rotational velocity about each axis in the 
BrIC formula could improve the correlation of BrIC to TBI metrics. The results indicate that CSDM and MPS are 
affected by head rotation regardless of the axis, while MBVS is most affected by the flexion-extension motion. 
MBVS correlated significantly better with y-rotation in both crash categories, though the modeling of the bridging 
veins may affect this trend. BrIC was proved to be a fair predictor for MPS and CSDM in the studied datasets. 
However, it was shown that BrIC may not be robust to a wide range of TBI as well as a wide range of load cases. 
This study recommends further detail analysis on how various crash modes can have different sensitivities on TBI 
outcomes to establish a brain injury criteria. 
 
 

INTRODUCTION 

Although many attempts have successfully reduced 
the risk of head injuries in motor vehicle crashes, the 
occurrence and severity of traumatic brain injury 
(TBI) has remained a major issue. Over the past 
years, the incidence of skull fracture in the field has 
reduced. This coincided with the reduction of the 
Head Injury Criterion (HIC), a metric based on linear 
acceleration of the head, in frontal tests of the U.S. 
New Car Assessment Program (NCAP). However, 
the incidence of TBI in frontal crashes has not 
reduced at a similar rate [1]. Our recent analysis of 
the National Automotive Sampling System – 
Crashworthiness Data System (NASS-CDS) from 
2002 to 2014 showed that weighted estimates for TBI 

accounted for about 80% of severe head injuries in 
frontal and frontal oblique crashes. This was a 
population limited to seatbelt-restrained adult 
occupants sitting on frontal airbag-equipped front 
seats (see Table A1 for the restritions). Those TBI 
consisted of diffuse brain injury (3.9 %), Acute 
Subdural Hematoma (ASDH) (19.8 %), Hemorrhage 
(37.3 %), Contusion (11.8 %), and others (27.2 %).  
 
Recently, Takhounts et al. [2] correlated diffuse brain 
injury (DAI) data with cumulative strain damage 
measure (CSDM) and maximum principal strain 
(MPS) through FE simulations with a human brain 
model, the simulated injury monitor (SIMon) [3] and 
a human head model from the Global Human Body 
Model Consortium (GHBMC) [4]. Based on the 
correlations, the Brain Injury Criterion (BrIC) was 
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developed as a function of angular velocities about 
the three axes normalized by critical values. Since 
injurious level of rotational velocity for CSDM and 
MPS showed axial dependence, a different critical 
value was defined for each axis. Several studies have 
proven BrIC to be a good predictor for rotationally-
induced TBI [5]. However, it was also reported that 
the correlation level of BrIC to CSDM and MPS 
varied with the impact configurations: frontal, 
oblique, side, and pedestrian [5]. 
 
The National Highway Traffic Safety Administration 
(NHTSA) has developed a frontal offset oblique 
crash test configuration, which utilizes the Test 
device for Human Occupant Restraint (THOR) 50th 
percentile male metric dummy seated in the first row 
to represent oblique kinematics of vehicle occupants 
in such a crash scenario in the field [6][7]. Through 
the development of the test configuration, a 
significant head-twist motion of the THOR dummy 
was observed, which differs from the flexion-
extension motion observed in full frontal crashes [8]. 
In 2015, NHTSA proposed plans for the future U.S. 
NCAP, which included introduction of BrIC as a 
supplemental head injury metric along with HIC and 
in addition to the adoption of the oblique offset crash 
test [1]. 
  
To design safety systems that effectively mitigate 
TBI in frontal and frontal oblique crashes, it is 
essential to understand the effects of head rotational 
kinematics on TBI. To cover a broad range of TBI in 
the field, three tissue-level strain based predictors 
were used in this study: CSDM, MPS, and maximum 
bridging vein strain (MBVS). While MPS was used 
as a predictor for DAI along with CSDM in the 
derivation of BrIC [2], some researches associated 
brain strain with hemorrhage and contusion types of 
TBI [9][10]. In cadaveric tests, bridging vein ruptures 
have been considered to cause ASDH [11]. In the 
frontal and frontal oblique crashes from the NASS-
CDS data stated previously, DAI, hemorrhage, 
contusion, and ASDH accounted for about three-
quarters of the severe TBI. 
 
 

METHODS 

A total of 120 sets of head rotational kinematics data 
for the THOR dummy in full frontal and frontal 
oblique crash tests were analyzed in this study. Six 
degree-of-freedom head kinematics were applied to 
the head model of the GHBMC 50th percentile male 
detailed occupant model v3.5, and through FE 
simulations, three TBI metrics were calculated: 

CSDM, MPS and MBVS. Correlations between the 
TBI metrics and each component of the head angular 
velocities were analyzed, then deviations of BrIC to 
the TBI metrics were also evaluated.  
 
Analysis of head rotational kinematics from sled 
and vehicle crash tests with the THOR dummy 
Two series of frontal and frontal oblique crash tests at 
56 km/h of ΔV or corresponding severity were 
utilized in this study: sled tests from the NHTSA 
Advanced Adaptive Restraint Program [12] and the 
NHTSA vehicle crash test database [13]. Each test 
series consisted of two crash categories: 0° sled and 
full frontal rigid barrier (FRB) vehicle crashes for 
frontal crashes and 15° sled and frontal offset vehicle 
crashes with an obliquely oriented moving 
deformable barrier (OBL) [6] for frontal oblique 
crashes. As shown in Table 1, a total of 120 cases 
were extracted from the two test series based on the 
following criteria: THOR Mod-kit or THOR Metric 
dummy with angular rate sensors, no hard contact 
between the dummy head and the vehicle interior due 
to disengagement from restraints, and no data 
recording error. Frontal airbags and 3-point seatbelts 
with pretensioner were equipped in the selected 
cases, while side airbags were not necessarily 
equipped in all of them.  
 
The crash configurations and testing dummies in 
these 120 cases were considered to be similar to 
situations where the risk of TBI would be assessed in 
the current and future regulations. All of the 120 
cases were listed in Appendices (Table A2 and A3). 
Considering that the rotational velocity is a 
mechanism for TBI, head rotational kinematics of the 
THOR dummy in the selected cases were analyzed in 
terms of absolute maximum of rotational velocity 
about each axis as well as BrIC shown in Eqation (1). 
 = | | + + | |

 (1)  

 
where  is 66.25 rad/s,  is 56.45 rad/s, and  
is 42.87 rad/s [2]. 
 
 

Table 1.  
Configurations of the sled and vehicle crash tests 
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Test series Speed (km/h) N 

Sled 
0° 56 (ΔV) 31  

15° 56 (ΔV) 28 

Vehicle 
FRB 56 3 
OBL 90 58 

 
 
Simulations of brain injury metrics with the 
GHBMC FE head model 
Six degree-of-freedom head kinematic data from the 
120 experimental head impacts were processed and 
applied to the rigid skull of the GHBMC head model 
(Figure 1) as prescribed motion for calculation of 
three strain-based TBI metrics: CSDM, MPS, and 
MBVS. Linear accelerations and angular velocities, 
which were measured with respect to a local 
coordinate system defined by the head anatomical 
axes with an origin fixed at the head center-of-
gravity, were filtered to channel frequency class 
(CFC) 1000 (1650 Hz) and 60 (100 Hz) respectively. 
The kinematics were applied to the head model in its 
local coordinate system that was consistent with the 
testing dummies. The head model was previously 
validated for skull force, relative brain-skull motion, 
and brain pressure using experimental data on 
cadavers [4]. 
  
In this study, CSDM and MPS were calculated based 
on strain in the five regions of the model: Cerebrum, 
Cerebellum, Brain stem, Basal Ganglia, and 
Thalamus. CSDM is the cumulative volume fraction 
of the brain experiencing a threshold of maximum 
principal strain. In this study, a threshold of 0.25 was 
used as in the BrIC derivation [2] as well as in Gabler 
et al. [5]. MPS is the 100th%ile of maximum 
principal strain occurring in the brain. Takhounts et 
al. [2] used CSDM with 0.25 of the threshold and 
100th%ile of MPS to comapre SIMon and the 
GHBMC model. In the model, bridging veins in the 
superior sagittal sinus are represented by 11 one-
dimensional elastic beams on the left and right side of 
the brain surface as shown in Figure 1. However, the 
beam failure mechanism and corresponding risk 
functions for ASDH had not been defined for the 
model. The maximum positive strain (tension) among 
the 11 beams was monitored in this study as the 
maximum bridging vein strain (MBVS). FE 
simulations were performed using LS-DYNA (v971 
R6.1.2, double precision; LSTC, Livermore, CA).  
 
 

 
 
Figure 1.   Global Human Body Model 
Consortium Male 50th percentile Head Model. 

Analysis of correlations between head rotation 
and simulated brain injury metrics 
Correlations between the TBI metrics and absolute 
maximum rotational velocity of the head about each 
axis as well as BrIC were assessed using R2 
coefficient of determination as shown in Equation 
(2). The value of R2 gets closer to 1 when the data fits 
better to the correlation than to the simple average.  
 = 1 ∑ 	∑  (2) 

 
where  is the ith dependent variable,  is the ith 
fitted value, and  is the mean of the dependent 
variable. 
 
Scatter plots between CSDM or MPS from the 
simulations and BrIC were overlaid with the original 
correlations in Takhounts et al. [2]. Takhounts et al. 
[2] derived the correlations between the TBIs and 
BrIC (Equations (3) and (4)) through numerical 
simulations with SIMon. In this study, the TBI 
valuable of each original correlation was substituted 
by the relationship between each TBI value of SIMon 
and the GHBMC model (Equations (5) and (6)), 
which were also given in Takhounts et al. [2]. 
 = 1.08 ∗ + 0.52 (3) 
 = 1.19 ∗  (4) 
 = 0.91 ∗  (5) 
 = 0.93 ∗  (6) 

 
The risk of AIS 4+ was evaluated based on CSDM 
and MPS from the simulations and BrIC respectively 
with the risk functions (Equations (7-10)) in 
Takhounts et al. [2]. The risk functions for the TBIs 
(Equations (7) and (8)), which were originally 
derived for SIMon, were converted for the GHBMC 
model by substituting the valuable of each  TBI with 
Equations (5) and (6).   
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	 = 1 e . .
 (7) 

	 = 1 e . .
 (8) 

	 = 1 e .. .
 (9) 

	 = 1 e . .
 (10) 

 
 
 
 
 
 

RESULTS 

Head rotational kinematics of the THOR dummy  
Distributions for each crash category of the test series 
are shown in Figure 2. In the 0°/FRB cases, the 
average rotational velocity about y-axis,  
was observed to be largest. On the other hands, in the 
15°/OBL cases, the average rotational velocity about 
z-axis, | | was largest. The average of 

 in each crash category was in the same 
range, while | |	and | | as well as BrIC 
values in the 15°/OBL cases were significantly higher 
than those in the 0°/FRB cases. The sled tests and the 
vehicle crash tests showed the same trends in terms 
of absolute maximum rotational velocity about each 
axis as well as BrIC values (Figure A1). 
 

 
(a)  | | 

 
(b)  

 
(c) | | 

 
(d) BrIC 

 
Figure 2. Distribution of absolute maximum 
rotational velocity about each axis and BrIC values. 
Brain injury metrics in the GHBMC FE head 
model simulations 
In the FE simulations, CSDM, MPS and bridging 
vein strain increased along with angular velocity 
regardless of the axis. Figure 3 shows a 0°/FRB and a 
15°/OBL cases. While y-axis head rotation (flexion-
extension) was dominant in the 0°/FRB case, rotation 
about all axis was observed in the 15°/OBL case. The 
MPS value rose at the time when rotational velocity 
about any axis initially increased and continued to 
increase along with the increase of rotational velocity 
of each axis, which made its time history synchronize 
well with that of BrIC. On the other hand, the CSDM 
value rose about the time when the rotational velocity 
was about to reach to the first peak and continued to 
increase in a more gradual manner than that of MPS. 
Bridging vein strain rose along with angular velocity 
about any axis. The vein beams in the anterior area 
(#1 to #3) and in the parietal and posterior areas (#5 
to #11) tended to be strained in the opposite 
direction. 
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(a) 0°/FRB 

(b) 15°/OBL 
 
Figure 3. Head rotational velocity applied to the 
head model and BrIC (top) and CSDM, MPS, 
MBVS and strain of bridging veins in the left side of 
the brain (bottom). 
Correlations of head rotation to TBI metrics 
Different trends in the correlations between the TBI 
metrics and head rotation about each axis as well as 
BrIC were observed for each TBI metric. As R2 
values in Table 2 show, MPS and CSDM showed 
better correlations with | |, while MBVS was 
significantly better correlated with . BrIC 
had a good correlation with MPS and CSDM, while 
its correlation with MBVS was poor. 
 
As shown in Figure 4, for CSDM and MBVS, 
significant numbers of the 0°/FRB cases were plotted 
below the correlation lines, while significant numbers 
of the 15°/OBL cases were plotted above. This 
difference can be seen from the correlation trend for 
each crash category.  Additionally, the correlation 
line for MPS was close and parallel to the original 
correlation at the range of the MPS values, while the 
correlation line for CSDM was steeper than the 
original one. Compared to TBI risks based on BrIC 
values, the risks based on CSDM values were higher 
in most of the 0°/FRB cases and lower in majority of 
the 15°/OBL cases as show in Figure 5. 
 

 
(a) MPS 

 
(b) CSDM 

 
(c) MBVS 

 
Figure 4. Scatter plots for correlations between the 
TBIs and BrIC values with the original correlations 
of MPS and CSDM [2] for the GHBMC head 
model. 

Table 2.  
R2 of the correlations between each TBI and 

absolute maximum rotational velocity of the head 
as well as BrIC 

 
 | |  | | BrIC

MPS 0.32 0.02 0.55 0.64 
CSDM 0.15 0.16 0.45 0.60 
MBVS 0.01 0.50 0.04 0.16 
 
 

 
(a) MPS 
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(b) CSDM 

 
Figure 5. Scatter plots between AIS 4+ risk based 
on MPS or CSDM and BrIC values (Note: the risk 
functions for the TBIs [2] were adjusted for the 
GHBMC head model). 
 
 

DISCUSSION 

Head y-rotation was dominant in the 0°/FRB cases, 
where the THOR dummy move fore-aft and head 
flexion-extension motion is produced by relative 
displacement between the head and chest restrained 
by mainly the front airbag and seatbelts, respectively. 
In  the 15°/OBL cases, head z-rotation was largest, 
which is because the THOR dummy moves laterally 
and longitudinally and head twist motion is generated 
by contacting the front airbag. Additionally, 
rotational motion about all axes in  the 15°/OBL 
cases was similar to or larger than the 0°/FRB cases, 
which resulted in higher BrIC in the 15°/OBL cases, 
where the dummy engages with the restrains in a 
limited manner. It should be noted that the sled tests 
and the vehicle crash tests were common in averages 
and distributions of absolute maximum rotational 
velocities of the head, which made it reasonable to 
merge the two series of tests and analyze correlations 
to the TBI metrics together. 
 
MPS and CSDM were influenced by head rotation 
regardless of the axis. The time history of MPS was 
well synchronized with BrIC. Combined with the 
nature of MPS, it was indicated that rotational 
velocity is a mechanism of causing strain in the brain. 
On the other hand, CSDM rose later than MPS with a 
gradual increasing slope. This trend coincided with 
the fact that CSDM assesses brain strain cumulatively 
rather than at each moment like MPS does. It can be 
assumed that the structural geometry of the head 
might affect this trend. The falx and tentorium, 
membranes separating the cerebral hemisphere 
sagittally and from the cerebellum respectively, could 
constrain displacement of the brain and induce its 
deformation. 
 

The bridging vein beams were strained along with 
head rotational velocity regardless of the axis. Since 
head y-rotation was dominant in the 0°/FRB cases, it 
was clearly observed that the time history trend of 
bridging vein strain was consistent with that of 
rotational velocity about the y-axis. In the 15°/OBL 
cases, where x- and z-rotation in addition to y-
rotation occurred, the time history trend of bridging 
vein strain was not necessarily consistent with the y-
rotational velocity. However, MBVS was correlated 
significantly better with y-rotation only, though the 
modeling of the bridging veins may affect this trend. 
The bridging vein beams in the head model connect 
the brain surface and the skull on the sagittal plane 
generally, which might make it tend to be more 
sensitive to the sagittal rotation. Length and angle of 
the beams varied in the location of the head, which 
might cause the direction of strain: tension or 
extension. 
 
BrIC was shown to be a good predictor for MPS and 
CSDM. However, the correlation to MBVS was poor 
and plots of the simulated MBVS to the measured 
value of BrIC were widely scattered over the 
correlation, which might suggest that the BrIC 
formula may not predict ASDH well. Although the 
BrIC formula was derived based on its correlations 
with CSDM and MPS as predictors for diffuse brain 
injury, it would be expected to cover a broad range of 
or common TBIs in automotive crashes. Further 
studies are required on whether if bridging vein strain 
is an effective predictor for ASDH as well as CSDM 
and MPS could cover a broad range of TBI. 
Additionally, trends of the correlations between BrIC 
and the TBI metrics was dependent on the crash 
category, which indicate that BrIC might not be 
robust to crash configurations. Further more, the 
correlation level in this study was lower than those 
reported in other studies [2][5], where larger datasets 
from multiple crash configurations with multiple 
testing dummies were used. Generally speaking, the 
larger datasets were used, the higher correlation level 
could be expected. Although the total size of studeid 
dataset was smaller, it sololy consisted of the THOR 
dummy, which has a higher biofidelity. 
 
Furthermore, the original correlations of BrIC 
generally understated CSDM and MBVS from the 
0°/FRB cases and overstated those from the 15°/OBL 
cases, where y-rotation and z-rotation of the head was 
significant respectively. Combined with the 
observation above stating BrIC’s dependency on 
crash configuraions, a further analysis was motivated 
to clarify which axis of the critical rotational 
velocities of the BrIC formula influenced this trend. 
The BrIC value of each case was re-calculated with 
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different sets of the critical values changing from 30 
rad/s to 75 rad/s every 1 rad/s. Figure 6 shows scatter 
plots of BrIC values with the adjusted sets of the 
critical values, which minimized R2 best among all of 
the different sets. For both CSDM and MBVS,  
was smallest rather than  in the BrIC formula, 
which indicated that flexion-extension motion was 
understated and twist motion was overstated to 
predict TBI by the formula. However, it should be 
noted that the analysis described in this study was not 
taken to suggest a new set of the critical values. 
Instead, this observation suggests further 
reconsideration of the relative weighting of the head 
rotational velocity about each axis in the BrIC 
formula similar to Yanaoka et al. [14]. 
 

 
(a) CSDM 

 
(b) MBVS 

 
Figure 6. Scatter plots for correlations between the 
TBIs and BrIC values with adjusted critical values 
(  = 75,  = 32, and  = 38 rad/s for CSDM, 

 = 75,  = 30, and  = 75 rad/s for MBVS). 

CONCLUSIONS 

In 0°/FRB and 15°/OBL sled frontal crashes, CSDM 
and MPS are affected by multiple axes of head 
rotation, while MBVS is most affected by the 
flexion-extension motion. BrIC was proved to be a 
fair predictor for MPS and CSDM in the studied 
datasets. However, it was shown that BrIC may not 
be robust to a wide range of TBI as well as a wide 
range of load cases. This study reccomends further 
detail analysis on how various crash modes can have 
different sensitivities on TBI outcomes to establish a 
brain injury criteira. 
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APPENDICES 

 
Table A1.  

Restrictions for interrogating NASS CDS 
database 

 
Parameter Restriction 
Event Year 2002-2014 
Model Year 2000-2014 

PDOF 11, 12, 01 
CDC **FL****, **FY**** 

Rollover Excluded 

Occupant age 15-100 years old 
Sex Male, female 

Seat position Front seats 
Seatbelt Belted 

Front airbag Equipped 
Region of injury Head 

 
 
 

Table A2. 
List of 59 of sled tests analyzed in this study: D 
(driver), P (passenger), FS (far-side), and NS 

(near-side). 
 

Test ID THOR Sled Angel Seat 
BDSJ0130 Mod-kit 0° D 
BDSJ0141 Mod-kit 0° D 
BDSJ0155 Mod-kit 0° D 
BDSJ0173 Mod-kit 0° D 
BDSJ0179 Mod-kit 0° D 
BDSK0066 Mod-kit 0° D 
BDSK0108 Mod-kit 0° D 
BDSK0116 Mod-kit 0° D 
BDSK0122 Mod-kit 0° D 
BDSK0123 Mod-kit 0° D 
BDSK0125 Mod-kit 0° D 
BDSK0172 Mod-kit 0° D 
BDSK0173 Mod-kit 0° D 
BDSK0192 Mod-kit 0° D 
BDSK0202 Mod-kit 0° D 
BDSK0287 Mod-kit 0° D 
BDSK0297 Mod-kit 0° D 
BDSK0372 Mod-kit 0° D 
BDSL0011 Mod-kit 0° D 
BDSL0056 Mod-kit 0° D 
BDSL0068 Mod-kit 0° D 
BDSJ0137 Mod-kit 0° P 
BDSJ0140 Mod-kit 0° P 
BDSJ0162 Mod-kit 0° P 
BDSJ0184 Mod-kit 0° P 
BDSK0088 Mod-kit 0° P 
BDSK0174 Mod-kit 0° P 
BDSK0371 Mod-kit 0° P 
BDSL0009 Mod-kit 0° P 
BDSL0022 Mod-kit 0° P 
BDSL0080 Mod-kit 0° P 

BDSJ0286 Mod-kit 15° D (FS) 
BDSK0021 Mod-kit 15° D (FS) 
BDSL0073 Mod-kit 15° D (FS) 
BDSL0074 Mod-kit 15° D (FS) 
BDSJ0136 Mod-kit 15° P (FS) 
BDSJ0142 Mod-kit 15° P (FS) 
BDSK0115 Mod-kit 15° P (FS) 
BDSK0119 Mod-kit 15° P (FS) 
BDSK0255 Mod-kit 15° P (FS) 
BDSK0376 Mod-kit 15° P (FS) 
BDSL0134 Mod-kit 15° P (FS) 
BDSJ0133 Mod-kit 15° D (NS) 
BDSJ0143 Mod-kit 15° D (NS) 
BDSJ0154 Mod-kit 15° D (NS) 
BDSJ0180 Mod-kit 15° D (NS) 
BDSJ0185 Mod-kit 15° D (NS) 
BDSK0109 Mod-kit 15° D (NS) 
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BDSK0120 Mod-kit 15° D (NS) 
BDSK0124 Mod-kit 15° D (NS) 
BDSK0256 Mod-kit 15° D (NS) 
BDSK0270 Mod-kit 15° D (NS) 
BDSK0306 Mod-kit 15° D (NS) 
BDSK0341 Mod-kit 15° D (NS) 
BDSK0389 Mod-kit 15° D (NS) 
BDSL0021 Mod-kit 15° D (NS) 
BDSL0028 Mod-kit 15° D (NS) 
BDSL0079 Mod-kit 15° D (NS) 
BDSL0112 Mod-kit 15° D (NS) 

 
 
 

Table A3. 
List of 61 of vehicle crash tests used in this study: 
D (driver), P (passenger), FS (far-side), and NS 

(near-side). 
 

Test ID THOR Crash Test Seat 
9334 Metric FRB D 
9336 Metric FRB D 
9337 Metric FRB D 
9354 Mod-Kit OBL D (FS) 
9478 Mod-Kit OBL D (FS) 
9480 Mod-Kit OBL D (FS) 
9483 Mod-Kit OBL D (FS) 
9727 Metric OBL D (FS) 
8478 Mod-Kit OBL P (FS) 
8488 Mod-Kit OBL P (FS) 
8788 Mod-Kit OBL P (FS) 
8875 Mod-Kit OBL P (FS) 
9135 Mod-Kit OBL P (FS) 
9140 Mod-Kit OBL P (FS) 
9146 Mod-Kit OBL P (FS) 
9148 Mod-Kit OBL P (FS) 
9149 Mod-Kit OBL P (FS) 
9152 Mod-Kit OBL P (FS) 
9476 Mod-Kit OBL P (FS) 
9479 Mod-Kit OBL P (FS) 
9481 Mod-Kit OBL P (FS) 
7467 Mod-Kit OBL D (NS) 
7851 Mod-Kit OBL D (NS) 
7852 Mod-Kit OBL D (NS) 
8475 Mod-Kit OBL D (NS) 
8476 Mod-Kit OBL D (NS) 
8477 Mod-Kit OBL D (NS) 
8478 Mod-Kit OBL D (NS) 
8488 Mod-Kit OBL D (NS) 
8787 Mod-Kit OBL D (NS) 
8788 Mod-Kit OBL D (NS) 

8789 Mod-Kit OBL D (NS) 
8791 Mod-Kit OBL D (NS) 
8875 Mod-Kit OBL D (NS) 
8882 Mod-Kit OBL D (NS) 
9122 Mod-Kit OBL D (NS) 
9126 Mod-Kit OBL D (NS) 
9127 Mod-Kit OBL D (NS) 
9137 Mod-Kit OBL D (NS) 
9138 Mod-Kit OBL D (NS) 
9139 Mod-Kit OBL D (NS) 
9140 Mod-Kit OBL D (NS) 
9143 Mod-Kit OBL D (NS) 
9145 Mod-Kit OBL D (NS) 
9146 Mod-Kit OBL D (NS) 

9148 Mod-Kit OBL D (NS) 
9149 Mod-Kit OBL D (NS) 
9151 Mod-Kit OBL D (NS) 
9152 Mod-Kit OBL D (NS) 
9211 Mod-Kit OBL D (NS) 
9214 Mod-Kit OBL D (NS) 
9228 Mod-Kit OBL D (NS) 
9476 Mod-Kit OBL D (NS) 
9479 Mod-Kit OBL D (NS) 
8998 Mod-Kit OBL P (NS) 
8999 Mod-Kit OBL P (NS) 
9042 Mod-Kit OBL P (NS) 
9354 Mod-Kit OBL P (NS) 
9478 Mod-Kit OBL P (NS) 
9482 Mod-Kit OBL P (NS) 
9727 Metric OBL P (NS) 

 
 

  
 

 
Figure A1. Averages of absolute maximum 
rotational velocity about each axis and BrIC values 
with the error bars representing the standard 
deviations, with numbers of tests in parentheses. 
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ABSTRACT 
 
The objective of the present study was to quantify the response of an isolated WorldSID rib subassembly to 
quasi-static and dynamic loading at angles up to 30 degrees from lateral.  A test fixture was designed consisting of 
two flat plates mimicking the WorldSID spine plate and was instrumented with two uniaxial load cells to 
measure independent loads transmitted by either the inner rib band or the thorax or abdomen ribs.  The fixture 
and WorldSID rib subassembly were loaded in either a quasi-static or dynamic impact at 3, 4, or 5 m/s and at 
angles 0, ± 15, ± 30 degrees with respect to lateral, rotated about the Z axis. Quasi-static stiffness of the rib 
did not vary substantially with respect to loading direction for the first 30 mm of stroke.  Dynamic 
stiffness was influenced by loading rate and loading direction, with highest impactor force found for  
-30 degrees (posterior).  Using IR-TRACC deflections, stiffest response was demonstrated at anterior 
and posterior oblique loading.  Maximum impulse to the spine plate load cells was observed at 0 
degrees and also resulted in maximum IR-TRACC deflection.  Optimized loading to maximize spine 
impulse while minimizing deflection was dependent on the chosen deflection measurement method (IR-
TRACC or external deflection).  Future work may characterize response using alternative injury metric 
measurements.  
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INTRODUCTION 

In December 2015, the U.S. National Highway 
Traffic Safety Administration (NHTSA) issued a 
request for comment on considerations for upgrading 
the current New Car Assessment Program (NCAP) 
with new anthropomorphic test devices (ATDs), new 
injury metrics, and a new test mode.  For side impact, 
the WorldSID 50th percentile male was proposed as 
the driver ATD in both the crabbed movable 
deformable barrier and oblique pole tests, replacing 
the current ES-2re and SID-IIs in these respective test 
modes.  The WorldSID has been shown previously to 
better reproduce post-mortem human subject (PMHS) 
chest deflections compared to these ATDs [1]. 
 
The WorldSID thorax is uniquely designed to permit 
multidirectional deformation up to 30 degrees with 
respect to lateral [2].  Yet, the deformation responses 
to these extreme loading directions have not been 
reported.  Therefore, the objective of the present 
study was to quantify the response of an isolated 
WorldSID rib subassembly to quasi-static and 
dynamic loading at angles up to 30 degrees from 
lateral. 

METHODS 

The test methods were developed to characterize 
the WorldSID rib response to varying impact 
loading rates and impact angles.  A test fixture was 
designed to load a single WorldSID rib 
subassembly in a range of loading directions.  The 
fixture (Fig. 1) consisted of two flat plates 
mimicking the WorldSID spine plate.  The rib 
subassembly was mounted to these plates in a 
similar manner as they would be mounted in the 
ATD. Unlike the WorldSID spine plate, the fixture 
plate was instrumented with two uniaxial load cells 
to measure independent loads transmitted by either 
the inner rib band or the thorax or abdomen ribs.  
Although the rib forward end would be mounted to 
either the sternum or abdomen rib coupler in the 
ATD, in the test setup this end was allowed to 
freely translate.  The angle of the fixture plate was 
adjustable about the rib Z axis, permitting 
variation in the direction of force applied. 

With the WorldSID rib subassembly mounted to 
the fixture, the device was positioned in either a 
quasi-static test apparatus (Instron®) or a 
pneumatic dynamic linear impact apparatus.  In 
both cases, force was applied using a flat resin 
impactor plate.  Friction was increased using 
adhesive cloth tape; this was applied to reduce 
relative motion between the impactor face and the 

rib during loading.  In quasi-static conditions, the 
loading rate was 1 mm/s and was applied until 
displacement achieved 50 mm.  In dynamic 
conditions, a 3.45 kg impactor was accelerated to 
approximately 3, 4, or 5 m/s prior to contact with 
the rib.  At each loading rate, the spine plate 
fixture was pre-positioned at 0, ±15, and ±30 
degrees with respect to lateral.  Rotation was 
applied about the IR-TRACC mounting location. A 
complete test matrix is shown in Table 1. 

Table 1. 
Test matrix 

Test Nos. Loading Angle 
(degrees) 

Loading Rate
(m/s) 

1, 21 0 QS* 
2, 22 0 3.0 
3, 23 0 4.0 
4, 24 0 5.0 
5, 25 +15 QS 
6, 26 +15 3.0 
7, 27 +15 4.0 
8, 28 +15 5.0 
9, 29 +30 QS 
10, 30 +30 3.0 
11, 31 +30 4.0 
12, 32 +30 5.0 
13, 33 -15 QS 
14, 34 -15 3.0 
15, 35 -15 4.0 
16, 36 -15 5.0 
17, 37 -30 QS 
18, 38 -30 3.0 
19, 39 -30 4.0 
20, 40 -30 5.0 

  *  QS = quasi-static 

For each test, data were collected from the 
following instrumentation:  IR-TRACC deflection, 
IR-TRACC angle, rib reaction force, and inner 
band reaction force.  Rib triaxial accelerations 
were also recorded but will be reported in future 
work.  In the dynamic impacts, impactor linear 
acceleration was recorded and used to derive force 
and stroke.  In the quasi-static tests, force and 
stroke we measure directly by LVDT and load cell.  
All data were filtered in accordance with SAE 
J211.  Videography captured qualitative 
deformations at either 3000 Hz (dynamic tests) or 
30 Hz (quasi-static tests). 
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Figure 1.  Isolated rib loading fixture positioned 
at (a) 0 degrees, (b) +30 degrees, and (c) -30 
degrees with respect to lateral.  

 

RESULTS 

All testing resulted in n = 210 channels of data 
traces.  A data summary for thorax and 
abdomen ribs is shown in Tables A.1 and A.2 
in the Appendix.  Data were compared with 
respect to loading rate and with respect to 
loading direction. 
 
Quasi-Static Tests 
Quasi-static stiffness results are shown in 
Figure 2.  Qualitatively, external stiffness of 
the chest did not vary substantially with respect 
to loading direction for the first 30 mm of 
impactor stroke.  Observations for the 
abdominal rib were similar and omitted for 
brevity.  Force deflection response was most 
linear when applied at -30 degrees, resulting in 
a stiffness of 20.0 N/mm and R2 = 0.999.  
Response was least linear when applied at 0 
degrees, resulting in a stiffness of 18.8 N/mm 
and R2 = 0.814.  Comparing all directions, the 
rib subassembly was stiffest at -15 degrees: 
22.5 N/mm and R2 = 0.982. 
 
Lateral spine reaction force with respect to IR-
TRACC is shown in Figure 3 for each loading 
direction.  IR-TRACC rib deflection was 
dependent on loading direction.  Although 
impactor stroke was the same for each loading 
case (50 mm), measured deflection varied by 
more than 50% from 24.2 (in -30 deg) to 47.8 
mm (0 deg).  Further, peak lateral spine load 
also varied with respect to loading direction. 
Peak loads varied from 791 N at +15 degrees to 
1261 N at -30 degrees. 

 

Figure 2.  Quasi-static force-stroke response of 
the thorax rib subassembly in different loading 
directions.  
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Figure 3.  Quasi-static response of IR-TRACC 
measured rib deflection with respect to lateral 
spine reaction force thorax rib subassembly in 
different loading directions.  
 
Dynamic Tests 
Rib force responses are shown with respect to 
impactor stroke in Figure 4 for thorax rib tests.  
Only responses at + 30, -30, and 0 degrees are 
shown for clarity.  Force and stroke responses 
demonstrated dependence on loading rate and 
on loading direction.  With increased impactor 
velocity, peak stroke increased from 
approximately 25 mm to approximately 45 mm.  
Strokes were least at -30 degrees and greatest 
at +30 degrees.  Force response trends varied 
depending on the stroke region.  Over the 
initial 10 mm of stroke, stiffness increased with 
loading rate.  Rate dependence was greatest at 0 
degrees, at which response varied by more than 
100% between 3 m/s and 5 m/s.  Rate 
dependence was least apparent at -30 degrees, 
at which stiffness varied by 38% over the 
initial 10 mm of stroke.  Stiffness also was 
dependent on load direction beyond 30 mm 
impactor stroke.  Impactor force at -30 degrees 
increased to 2238 N at max stroke but did not 
exceed 1200 N at 0 degrees.  Examining the 
stiffness over 10-30 mm impactor stroke, rib 
subassembly stiffness did not appear to vary 
substantially based on loading direction.  
Within this stroke range, impactor force 
generally fell within 500-700 N.   
 
Spine reaction force with respect to IR-TRACC 
deflection is shown in Figure 5 for thorax rib 
tests.  Again, only +30, -30, and 0 degree 
responses are shown for clarity.  Similar to 
impactor forces and strokes, spine reactions and 
deflections also demonstrated dependence on 
loading rate and on loading direction.  Spine 
reaction force at 0 degrees and at +30 degrees 
reached approximately 1150 N at 5 m/s.  In 
contrast, spine reaction force at -30 degrees  

 

Figure 4. Select force-stroke responses of the 
WorldSID thorax rib in dynamic impact at (a) 
+30 degrees, (b) 0 degrees, and (c) -30 degrees.  
 
was 25% higher (1398 N) than at 0 degrees.  
Further, IR-TRACC deflections varied by more 
than 50% compared to 0 degree load direction.  
Both -30 and +30 degree directions 
demonstrated similar deflection results. 
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Figure 5. Select force-stroke responses of the 
WorldSID thorax rib in dynamic impact at (a) 
+30 degrees, (b) 0 degrees, and (c) -30 degrees.  

DISCUSSION 

The purpose of the present study was to investigate 
the quasi-static and dynamic response of an 
isolated WorldSID rib subassembly to different 
loading rates and loading directions.  The 
WorldSID dummy was developed to meet ISO 
9790 biofidelity corridors for chest and abdomen 
deflection performance [3].  The overall 
construction of the thorax and abdomen ribs was 
designed for robust performance in ± 30 degree 
oblique loading and the rib design has not changed 
substantially since the original prototype was 
released [2]. The present study demonstrated 
robust performance of the rib at these extreme 
loading directions. 
 
 

Rib responses varied with respect to both loading 
rate and loading direction.  In both quasi-static and 
dynamic conditions, oblique loading demonstrated 
higher peak force response compared to lateral 
loading: +25% for +30 degrees, +94% for -30 
degrees (Figs. 2 and 4).  External stroke responses 
for 0 degrees and +30 degrees were similar but 
were reduced by approximately 5 mm for -30 
degrees.  The increased force likely resulted in part 
from increased deformation and loading of the 
outer rib near the spine mount (Fig.  1).  Shown in 
Figure 6 are peak forces measured by the spine 
plate load cells. As loading direction rotated 
toward posterior, loads measured at the outer rib 
mounting location increased by between 150 N (3 
m/s) and 350 N (5 m/s).  This increase generally 
did not include a commensurate decrease in inner 
band force, particularly at the higher impact 
velocities, thereby increasing total force.  
However, this alone does not account for the 
increased total force response at -30 degrees, 
suggesting that other causes should be 
investigated. 
 

 
  Figure 6. Outer rib force vs. inner band force 
for all impact directions and velocities.  
 
Side impact injuries are generally governed by 
contact characteristics between a nearside occupant 
and the intruding door until the occupant and door 
attain equal velocity [4].  Therefore, structure and 
restraint designs may be employed to increase the 
lateral momentum of the dummy while minimizing 
injury metrics.  In this study, such a strategy would 
be identified by maximized spine reaction impulse 
and minimized rib deflection.  Shown in Figure 7 
are impulse results (using spine load cell time 
traces) with respect to two rib deflection measures: 
IR-TRACC deflection and external deflection as 
indicated by impactor stroke.  Also shown are 
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linear fit relationships for each loading direction.  
Based on a strategy to maximize impulse and 
minimize injury metrics, a loading condition with 
larger slope would be preferred.  Yet, the present 
study demonstrates that this relationship is 
dependent on the chosen injury metric.  
Considering IR-TRACC deflection, oblique 
loading directions demonstrated larger slope: 
1.1300 (-30 degrees) vs. 0.6366 (0 degrees).  
Considering external deflection represented by 
impactor stroke, lateral loading demonstrated 
larger slope than all other loading directions.  This 
finding agrees with previous work, which found 
that impact angle affected rib deflection results, 
particularly when considering the IR-TRACC 
measurement [5].  
 

 

 
Figure 7. Spine impulse with respect to (a) peak 
impactor stroke and (b) peak IR-TRACC 
deflection for all dynamic tests.  
 
Contemporary chest injury metrics proposed for 
the WorldSID consider only the IR-TRACC peak 
deflection regardless of loading direction [6].  Yet 
injury response has been shown to be dependent on 
obliquity of chest deformation.  PMHS sled tests 
with 20 and 30 degree anterior oblique wall have 
shown increased chest deflections and different 
injury patterns compared to pure lateral loading 
[7].  Injury response of the chest to posterior 
oblique loading may differ from lateral loading but 
is not well understood [8].  WorldSID biofidelity 
studies have considered both anterior and posterior 

oblique loading directions but have not considered 
angles over the entire span of the present study [5] 
[9].  Based on these findings, further investigation 
may be needed to identify optimal restraint 
conditions for the WorldSID dummy. 

LIMITATIONS 

Several limitations should be considered when 
interpreting the results of this study.  First the 
isolated rib subassembly testing did not replicate 
fully the boundary conditions of the rib in the 
assembled WorldSID dummy.  The struck side of 
the rib was loaded directly by a resin impactor 
with a cloth surface.  In contrast, the rib in the 
assembled dummy is beneath both a foam rubber 
pad and a fabric dummy suit.  Although the 
boundary condition employed in the present study 
did not represent fully the damping of these 
materials in the dummy, this approach avoided 
confounding results with relative sliding motion 
between the struck rib and the impactor.  In 
addition, the spine boundary condition in the 
present study was a rigid mount and the sternum 
was omitted.  This support differed from a dummy 
spine, which could translate in response to applied 
load.  This rigid boundary condition increased 
deflections by eliminating residual kinetic energy.  
Lastly, this study was limited by sample size.  
Only 1 rib for thorax and abdomen was used for all 
testing, and each test was conducted once.  This 
type of study is useful for observing general trends 
but limits the predictive capability of any 
regression between variables. 

CONCLUSIONS 

The present study characterized WorldSID rib 
response to quasi-static and dynamic loading.  
Force and stroke responses were dependent on 
loading rate and on loading direction.  Load 
distribution between the outer rib and the inner 
band was also affected by loading direction, with 
the outer rib force increasing as direction moved 
more posterior.  A strategy to maximize impulse 
and minimize injury metrics was dependent on the 
chosen measurement method, suggesting that 
future work is needed to determine an optimal 
restraint strategy. 
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APPENDIX 

Table A.1. 
Peak results for thorax rib subassembly tested in all loading rates and loading directions. 

Angle Target 
Velocity 

Impactor 
Force 

Impactor 
Stroke 

Rib 
Force 

Inner 
Band 
Force 

Spine 
Force 

Impactor 
Impulse 

Spine 
Impulse 

IR-
TRACC 
Stroke 

IR-
TRACC 
Angle 

(deg) (m/s) (N) (mm) (N) (N) (N) (Ns) (Ns) (mm) (deg) 

30 

QS 968 50.0 129 732 859 - - 27.9 -15.4 

3 1016 29.0 141 745 785 16 15 13.5 -10.0 

4 1273 38.7 179 964 1052 21 20 18.3 -13.9 

5 1489 49.4 208 1089 1208 26 25 23.7 -17.7 

15 

QS 835 50.0 180 616 791 - - 41.5 -12.5 

3 823 28.3 177 622 798 17 16 22.6 -6.1 

4 1046 38.2 247 793 1023 22 22 32.4 -9.1 

5 1129 49.7 289 880 1125 27 26 40.4 -12.4 

0 

QS 751 50.0 184 641 820 - - 48.1 3.5 

3 795 25.6 218 626 798 16 17 26.0 2.4 

4 1000 38.1 286 779 990 22 23 36.8 4.1 

5 1196 47.9 339 875 1118 27 29 48.1 6.5 

-15 

QS 1018 50.0 330 663 990 - - 41.7 16.1 

3 906 28.9 243 525 704 15 17 23.0 10.6 

4 1269 37.3 343 815 1024 20 22 28.3 14.3 

5 1751 44.7 494 966 1302 25 28 34.1 18.4 

-30 

QS 991 50.0 503 766 1261 - - 24.4 22.7 

3 807 25.0 325 414 680 13 12 12.5 19.5 

4 1160 36.5 456 641 1044 17 16 16.9 26.3 

5 2238 42.3 564 946 1398 21 22 22.1 30.6 
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Table A.2. 
Peak results for abdomen rib subassembly tested in all loading rates and loading directions. 

Angle 
Target 

Velocity 
Impactor 

Force 
Impactor 
Stroke 

Rib 
Force 

Inner 
Band 
Force 

Spine 
Force 

Impactor 
Impulse 

Spine 
Impulse 

IR-
TRACC 
Stroke 

IR-
TRACC 
Angle 

(deg) (m/s) (N) (mm) (N) (N) (N) (Ns) (Ns) (mm) (deg) 

30 

QS 1063 50.0 141 803 944 - - 27.4 -15.3 

3 1021 27.3 135 793 859 15 15 12.4 -10.1 

4 1350 33.8 184 1058 1133 20 20 16.7 -13.3 

5 1624 42.8 228 1300 1388 25 24 20.2 -16.4 

15 

QS 825 50.0 179 634 813 - - 40.3 -11.9 

3 913 23.3 174 689 856 16 16 20.3 -5.8 

4 1169 35.4 234 891 1103 22 22 28.5 -9.1 

5 1365 38.4 291 1062 1327 27 27 37.8 -12.6 

0 

QS 876 50.0 194 688 882 - - 48.9 2.3 

3 889 24.2 218 687 867 16 17 24.8 2.6 

4 1079 34.8 302 879 1079 22 23 34.2 3.7 

5 1296 44.2 369 1046 1239 26 28 43.1 4.9 

-15 

QS 1081 50.0 343 716 1059 - - 42.4 15.5 

3 999 21.5 252 665 882 15 15 17.9 10.8 

4 1257 30.8 340 876 1174 19 19 24.7 19.3 

5 1577 41.6 375 1044 1366 23 23 31.5 25.0 

-30 

QS 1379 50.0 512 867 1379 - - 25.3 22.2 

3 820 26.8 306 511 768 13 12 11.5 17.3 

4 1289 25.4 359 758 1090 17 17 16.3 21.9 

5 2119 38.4 446 986 1407 21 22 20.8 26.6 
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ABSTRACT 

Highly automated vehicles are expected to perform ordinary driving tasks as well as improve safety, in emergency 
situations when in their desired domain of operation. This poses challenges in testing such systems. Conventional 
methods of testing, which recreate specific scenarios may address some emergency situations but simply do not 
cover all the scenarios a highly automated vehicle is expected to handle.   

This paper proposes a method that can be applied to normal driving that quantifies risk at any instance. This 
method analyzes the current situation to determine the probability of an unavoidable collision occurring. This 
probability is described as an Instantaneous Safety Metric (ISM). This type of evaluation allows for the presence of 
traffic configurations with a high collision probability to be identified at any point in time, and even if no collision 
occurs.  

Simple vehicle models are used to project possible future positions of each vehicle in a scenario and the 
probability of a crash estimated. This document presents results from development of this method, to this point, 
and the current view of a path to completion. 
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INTRODUCTION 

Challenges in Applying Traditional Testing 
Procedures to Automation Systems 
Development of a testing procedure for high-level 
vehicle automation systems presents unique 
challenges when compared with those developed for 
more conventional safety systems. Typically, test 
procedure development begins by selecting a set of 
scenarios in which the system is designed to improve 
safety. Next, vehicles are tested in those scenarios, 
and results are analyzed to quantify whether or not 
the outcome was improved. Finally, the results are 
compared with a developed set of criteria which 
regulators use to classify system performance [1] [2]. 

Two main challenges are present in applying this 
type of process to highly automated vehicles.  

First, a highly automated vehicle should respond 
appropriately to any situation possible in the desired 
space of operation. Therefore, a large number of 
tests are required to gain appropriate coverage over 
this space of possibility. This challenge can be 
addressed either by brute force, through a large 
amount of physical testing, or by testing algorithms 
in a validated simulation environment, greatly 
improving cycle time.  

Second, the level of safety in a given scenario cannot 
solely be quantified by looking at the occurrence or 
severity of collisions. A discrete set of tests cannot 
cover the continuous space of possibility. Therefore, 
situations producing a “near miss” must also be 
analyzed. This analysis calculates the probability of a 
collision occurring had the parameters been varied 
slightly. Addressing the challenge of evaluating 
safety requires a fundamental change in the way 
safety system performance is quantified. 

Fundamental Questions 
The fundamental concepts of the ISM approach can 
be explained through a series of simple questions 
about one’s current situation while driving: 

1. What set of actions could other vehicles 
around me choose, and how do those 
actions effect my decisions? 

2. If other drivers could choose any control 
input possible, what is the resulting range 
of positions and orientations? 

3. If the vehicles around me pursue any 
combination of these actions do I have an 

escape path, and would severe 
maneuvering be required? 

Going through these questions, it is clear that for any 
situation a vehicle is in, the possibility of a collision 
with another vehicle can be calculated by 
considering all possible movements of all the 
vehicles around it. To better understand this 
concept, a simplified case is discussed in the 
following section. 

Simplified Case Study 
A basic case study in which the driver is limited to 
four actions is used to illustrate how this approach 
provides information on vehicle safety. These 
actions consist of: 

• Full longitudinal acceleration 
• Full longitudinal deceleration 
• Full lateral acceleration to the left 
• Full lateral acceleration to the right 

 

     t1 = T         t2 = T + ΔT 

Figure 1. Possible future positions for four basic 
control actions 
 
In Figure 1, the diagonally lined rectangle represents 
the initial position, orientation and shape of the 
subject vehicle. The four gray rectangles illustrate 
the possible positions at some point in the future 
(time t2), each rectangle corresponding to one of the 
above mentioned actions.  

Two important observations emerge from Figure 1. 
The first is that, this vehicle only needs to be 
concerned with objects that could be within the grey 
region of space at time t2. Therefore, other objects 
which cannot be in the specified region of space, at 
time t2, can be ignored in analyzing this specific point 
in the future. Second, there is an area which 
intersects all four resulting positions at t2, shown as 
the dark center square in Figure 1. This is a space the 
vehicle cannot avoid, i.e. some part of the vehicle 
will be present in that region at time t2. 
Consequently, if a vehicle or object is capable of 
being in that region at the considered point in time, 
this set of choices could not avoid that object. 
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Though this case is fairly simple, these observations 
can be expanded to sets of actions covering the full 
space of possibility. 

Prior Work in Trajectory Planning 
Approaches similar to that used in this document 
have been used in trajectory planning. These 
methods vary in their implementation but many 
contain elements related to the current direction of 
this work. Many of these methods look at threat 
assessment by determining if the subject vehicle has 
an escape path in the current situation [3] [4]. 
Others look at the possibility and probability of 
certain courses of action to compare various path 
options [5] [6] [7] [8]. While, some of these methods 
quantify threat level in specific cases by looking at 
prior experiences in similar cases [9] [10]. 

DEFINITIONS OF IMPORTANT SPATIAL REGIONS  

The observations from the prior section are 
formalized using the following definitions. These 
definitions aid in communicating these concepts and 
in classifying interactions between vehicles. 

Reachable Set 
The reachable set consists of all possible positions 
and headings a vehicle can achieve at a particular 
point in the future. This is most commonly 
represented in implementation by a set of discrete 
points which each have the form	( , , ). Where  
and  are the position and  is the heading.  

Profile 
The resulting region when the vehicle geometry is 
placed according to a member of a reachable set. 

Possible Space 
The possible space is the boundary of the region the 
vehicle can exist in at a given point in time. This is 
equivalent to the union of all profiles for the subject 
vehicle’s reachable set at that point in the future. An 
example representation of this space’s boundary is 
shown as the dashed line in Figure 2. If we look far 
enough into the future, we expect that the vehicle 
could be anywhere. Therefore, we expect this space 
to grow and trend toward infinity with time. 

Unavoidable Space 
Following the concepts from the prior section, the 
intersection of all profiles at a given point in the 
future, is also important in interaction analysis. This 
region is termed the “unavoidable space” and is 
defined as the region in which some part of the 

vehicle must exist at a particular point in the future. 
This region is the dark grey region in the simple case 
considered in Figure 1. The solid line in Figure 2 is 
the boundary of the unavoidable space.  As we look 
further into the future, this unavoidable space 
decreases in size. The size of the vehicle is finite 
therefore the time for this to disappear must also be 
finite. Though not directly related to the 
disappearance of this region, this behavior indicates 
that there exists a duration of time after which all 
interactions are avoidable. 

 

     t1 = T         t2 = T + ΔT 

Figure 2. Example plot of Possible and 
Unavoidable spaces 

INTERACTION OF DEFINED REGIONS 

Interaction between vehicles, for analysis sake can 
be treated as interaction between profiles. Analysis 
of the basic interaction of two vehicles is used to 
demonstrate interaction concepts that can be 
extrapolated to multiple vehicles. These vehicles are 
referred to as Vehicles A and B. Each of these 
vehicles has their own possible and unavoidable 
spaces, which results in four different possible 
relationships between these vehicles. Currently this 
approach does not consider other objects on the 
road but could easily be expanded to do so (e.g. a 
stationary object can be modeled similar to a 
stopped vehicle with no acceleration authority). 

• There is no overlap between either vehicle’s 
possible spaces. Therefore, these vehicles 
cannot make contact at the currently 
considered point in the future. This is 
classified as an “Impossible Interaction” 
case.  

• There exists overlap between the possible 
spaces of the two vehicles. This implies that 
there is a set of decisions that can be made 
between the two drivers that would result 
in these vehicles making contact, but it may 
not be possible for either vehicle to make 
this decision unilaterally. This is classified as 
a “Possible Interaction” case. 
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• There is a region of overlap between the 
unavoidable space of Vehicle A/B and the 
possible space of Vehicle B/A. This indicates 
that Vehicle B/A can pursue a course of 
action which is unavoidable by Vehicle A/B. 
In this case Vehicle A/B has ceded control of 
the scenarios outcome to Vehicle B/A. This 
is classified as a “Critical Interaction” case. 
The interaction discussed above is a 
sufficient but not necessary condition for a 
critical interaction. 

• The unavoidable space of Vehicle A 
overlaps the unavoidable space of Vehicle 
B. The presence of this interaction implies 
that regardless of the actions of either 
vehicle, contact between the two is going to 
occur. This is classified as an “Imminent 
Interaction” case. Similar to the critical 
interaction example above, this is a 
sufficient but not necessary condition for an 
imminent interaction. 

This procedure is designed to test a single vehicle’s 
automation algorithm; therefore, some of the 
generality of terms can be reduced by naming 
vehicles in a manner consistent with this intention. 
The vehicle under test is referred to as the subject 
vehicle, while all other vehicles in the domain are 
referred to as traffic vehicles. 

The definitions of the possible and unavoidable 
regions, provide a convenient framework for 
discussion, but do not provide enough information 
for the necessary conditions for these interactions. 
The necessary conditions are listed in the following 
section. 

Impossible Interaction – Vehicles cannot make 
contact at the currently considered point in the 
future. 

Possible Interaction – Vehicles can make contact at 
the currently considered point in the future for at 
least one set of driver inputs. 

Critical Interaction – There exists a set of profiles for 
the traffic vehicle or vehicles which contact all 
profiles for the subject vehicle at a particular point in 
the future. 

Imminent Interaction – All possible actions by traffic 
vehicles result in contact occurring with the subject 
vehicle at some point in the future. 

PRACTICAL IMPLEMENTATION OF INTERACTION 
CLASSIFICATION  

Using these definitions, an implementation of this 
method, such that interactions can be classified in 
near real time is being devised. The details of this 
method are still being refined. For this reason, the 
presentation of the current method solely provides 
insight into the direction of the work and is a tool for 
discussion of this concept. 

Figure 3 shows the overall flow of the current ISM 
implementation. The following sections discuss in 
detail the purpose of these modules and some of 
their technical details. 

 

Figure 3. ISM process flow chart 
 
Acceleration Map 
In vehicle dynamics, combined vehicle longitudinal 
and lateral acceleration limits are plotted in a two-
dimensional plane called the g-g diagram [11]. The 
boundary of this region indicates the limits of vehicle 
control ability but any point within this region is also 
equally valid. This behavior is commonly modeled as 
an ellipse or other similar function. The ellipse is 
defined by X and Y axis intersection points being the 

Acceleration Map
•Provides a set of (Ax,Ay) pairs, 

achieveable by each vehicle, which will 
be used for vehicle position calculations.

Vehicle Modeling
•Utilizes the desired acceleration pairs 

along with vehicle size parameters to 
calculate possible vehicle trajectories.

Interaction Classification
•Tests the set of profiles from the prior 

step to determine the current 
interaction classification.

Severity Analysis
•Reviews possible, critical and imminent 

interactions to quantify their severity.
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maximum longitudinal and lateral accelerations 
respectively, and where each point on the boundary 
of the ellipse represents tire force saturation. Figure 
4 shows an ellipse parameterized for this purpose. 

Interaction classification (possible, critical, imminent, 
etc.) can be done by solely using points on the edge 
of the ellipse. Though, the current algorithm utilizes 
a vector of acceleration pairs ,  which 
represents both the boundary and the center of the 
ellipse. This enables the testing of some proposed 
methods of severity analysis presented later in this 
document. 

 

Figure 4. Parameterized acceleration ellipse 
 
Vehicle Modeling 
Selecting a vehicle model for use in this application is 
constrained by the set of available parameters. 
Essentially, this model needs to be able to calculate 
a vehicle’s possible future positions with information 
obtained solely from “looking” at it.  

The selected model is developed based on 
parameters which can be measured remotely, for 
example distances and sizes, while avoiding 
parameters which could not be externally quantified, 
e.g. mass and inertia. The requirement of having a 
model with no mass properties largely limits the 
available modeling techniques. One technique which 
fits these requirements is a kinematic version of the 
bicycle model [12]. This type of model is ideal for this 
application due to only requiring parameters of 
vehicle wheelbase and maximum road wheel angle. 

The formulation of this model is based on inputting a 
set of lateral and longitudinal accelerations from the 
acceleration map into the model. The model will 
generate these accelerations except at low speeds 
when the model is limited by the maximum steering 
angle. At higher speeds the model is no longer 

limited by steering angle and therefore can achieve 
the desired lateral acceleration. The use of such a 
model is currently being validated. 

Interaction Classification 
The previously discussed interaction classification 
concepts are useful illustratively, but as discussed, a 
more robust method of achieving a similar result is 
applied in the current implementation. The 
algorithm being developed for interaction 
classification starts by comparing the set of profiles 
for the subject vehicle with the set of profiles for the 
traffic vehicle. This process results in an overlap 
matrix for the current point in time ( ). 

In the overlap matrix, shown as Equation 1, the value 
of the element ,  is a Boolean which indicates 
whether or not the Mth profile for the traffic vehicle 
overlaps the Nth profile for the subject vehicles at  
seconds into the future. In this framework a possible 
interaction is indicated by the presence of a true 
value at any location in this matrix. Similarly, a 
critical interaction is indicated by the presence of a 
row in which all values are true. This is linked directly 
back to the original definition in that it indicates that 
there is at least one action for the traffic vehicle 
which overlaps all possible actions of the subject 
vehicle. An imminent interaction in this case would 
be indicated by all values of this matrix being true. 	

, , ⋯ ,, , ⋯ ⋮⋮ ⋮ ⋱ ⋮, ⋯ ⋯ ,

	 	
	
(Equation 1) 

It is important to remember that this matrix 
represents only one point in time and the interaction 
of two vehicles. The presence of critical or imminent 
interaction based on the above matrix is a sufficient 
but not a necessary condition for these types of 
interactions. Critical or imminent interactions are 
not limited to occurring at a single prediction time or 
only between two vehicles. Therefore, a negative 
result at this stage does not prove the lack of 
existence of either type of interaction. Interactions 
for multiple vehicles or for multiple prediction times 
can combine to result in critical or imminent 
interactions which are not present in the single case. 

Subject Vehicle 

Tr
af

fic
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Multi-Time Interactions 

As previously stated an interaction being non-critical 
or non-imminent at a single point in time does not 
prove that the combination of events through time 
do not fall into these categories. These cases 
generally occur when a profile associated with one 
decision can only be reached by passing through 
another traffic profile at an earlier instance in time. 
This condition would typically mean these are 
acceptable positions but, due to needing to pass 
through the other profile at a prior point in time to 
reach this location, navigating toward this position is 
obviously not an option. 

In order to properly account for these cases the 
matrices for all points in the future are initially 
combined by using an element-by-element OR 
operation. In order to develop a single matrix that 
serves as a master overlap matrix for all points in 
time. This process is illustrated in Equation 2. 

, , ⋯ ,, , ⋯ ⋮⋮ ⋮ ⋱ ⋮, ⋯ ⋯ ,
	 	 , , ⋯ ,, , ⋯ ⋮⋮ ⋮ ⋱ ⋮, ⋯ ⋯ ,

	 …	
, , ⋯ ,, , ⋯ ⋮⋮ ⋮ ⋱ ⋮, ⋯ ⋯ ,

	= , , ⋯ ,, , ⋯ ⋮⋮ ⋮ ⋱ ⋮, ⋯ ⋯ , 			
(Equation 2) 

Multi-Vehicle Interactions The case of the subject 
vehicle interacting with multiple traffic vehicles is 
considered. In the case of combined interaction 
with two other vehicles, the master overlap 
matrix, Equation 2, is initially developed for each 
subject vehicle – traffic vehicle pair. Once these 
two matrices are obtained the goal is next to find 
the OR of all possible combinations of the rows 
from one matrix with the all of the rows in the 
other. If the interaction matrix for the subject 
vehicle with traffic vehicle 1 is noted as 	and 
similarly, the interaction matrix for the subject 
vehicle and traffic vehicle 2 is called , each of 
which has M rows, Equation 3 shows the resulting 
multi-vehicle interaction matrix. Where, both 
matrices contain  rows the resulting multi-
vehicle interaction matrix will have  rows. 

 

(1, : )	 	 (1, : )(1, : )	 	 (2, : )⋮(1, : )	 	 ( , : )(2, : )	 	 (1, : )⋮( , : )	 	 ( , : )

	×	
	
(Equation 3) 

More generally the resulting number of rows in the 
multi-vehicle interaction matrix will be , where V 
is the number of non-subject vehicles in this analysis. 
In this case a critical interaction is detected in cases 
where there exists a row which consists of all 
Boolean true values. Imminent interactions are also 
detected similar to prior cases in which all rows only 
contain true. 

Severity Analysis 
Purely detecting the presence of critical cases is not 
sufficient to quantify safety. Based on their nature 
and current vehicle trajectories it is apparent that all 
critical cases and non-critical cases are not equal. In 
order to address this and arrive at a scalar safety 
metric, methods are currently being developed to 
quantify risk and severity of these situations. The 
current state of development of metrics for both 
critical and non-critical cases is presented in the 
subsequent sections. 

Critical Case Analysis By definition, in a critical 
interaction the outcome of the scenario is dictated 
by the actions of the other driver/s. Therefore, the 
probability of each driver pursuing a certain course 
of action is directly related to collision probability.  

Since all possible positions are computed based 
upon a set of lateral and longitudinal accelerations, 
driver behavior is currently being studied to 
determine if a probability can be associated with 
each of these acceleration pairs. If the probability of 
the driver choosing to pursue a set of accelerations 
resulting in a critical interaction were known, the 
probability of a collision occurring in that one case is 
also known. Expanding on this, the probability of a 
collision occurring for a single vehicle critical 
interaction may be computed by taking the sum of 
all independent critical case probabilities. 

This method could also be extended to a multiple 
vehicle case by considering that multi-vehicle critical 
cases require a certain choice from drivers of each of 
those vehicles. The collision probability for a single 
critical case may be computed by finding the 
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products of the probabilities associated with all 
choices in that case. The total collision probability is 
then calculated by summing all of the individual 
critical case probabilities. Bivariate (Ax, Ay) 
probability distribution functions catered to specific 
situations and environment are currently being 
developed and are a topic of ongoing work. 

Non-Critical Case Analysis 

In the method of analyzing critical cases presented in 
the prior section, this method carries with it the 
assumption that all non-critical cases have zero 
collision probability. In evaluating automated 
vehicles, this is a conservative approach in that it 
assumes that an algorithm, if given a choice, will 
make the correct one. Except, it is known from 
human driving that, even in cases where a collision is 
avoidable the necessary path to avoid can require 
severe action. Based on these observations a 
severity metric is being developed for non-critical 
cases. 

The inspiration for this method is the desire to 
extend the concept of deceleration to avoid to two-
dimensional interactions. This is done by again 
considering the elliptic shape of the acceleration 
map, shown in Figure 4. Calculation of deceleration 
to avoid for an object can be viewed in this 
framework as finding the minimum acceleration 
along the negative longitudinal axis which does not 
intersect the traffic vehicle if it continues at its 
current rate. Since vehicle acceleration is limited by 
the maximum longitudinal deceleration; this 
quantity could then be normalized by dividing the 
necessary deceleration by the maximum. This results 
in a scalar which ranges from zero to one and is a 
metric of the maneuver severity necessary to avoid a 
collision. 

This process can be extended to two dimensions by 
computing the length of the vector from the origin 
to the desired (Ax, Ay) pair and normalizing by 
dividing by the length of a vector starting from the 
origin and extending to the ellipse’s boundary along 
the same direction of the original vector. This metric 
would be computed for all possible avoidance paths 
and severity would be determined based on the 
minimum value computed. 

This metric is essentially the minimum percentage of 
vehicle handling authority which would be necessary 
to avoid all possible collisions.  Based on combining 

this definition with that for critical interactions it can 
be seen that critical interactions occur in any case 
where this quantity has a value of one or greater. By 
combining these two metrics a comprehensive 
understanding of vehicle interactions is obtained. 

SAMPLE CASES 

Sample cases have been developed to illustrate the 
current state of ISM development. Selection of these 
cases targets scenarios where an analytical solution 
can be calculated. By verifying the current version of 
the ISM algorithm in these cases the feasibility of 
this methodology at least at a basic level is 
demonstrated. Four of these cases are presented in 
the following sections. These cases are not intended 
to provide comprehensive validation of this 
methodology.  

Case#1-Purely Longitudinal Dynamics 
The first sample case deals exclusively with 
longitudinal dynamics. By eliminating any lateral 
movement of the subject and traffic vehicles, the 
interaction problem becomes easier to visualize. In 
this case, the dimensions of both vehicles’ possible 
space goes from 3D (t, X, Y) to 2D (t, X). Also, this 
case allows for the ISM result to be verified 
analytically.  

There are many methods for determining severity of 
vehicle interaction for a purely longitudinal case; two 
approaches are compared with ISM in this 
document, time to collision (TTC) and deceleration 
to avoid collision (D2A). The TTC value can be 
calculated from using Equation 4. 

= −	 − 2 − + 2−  

(Equation 4) 

In Equation 4 Xt0 and Xs0 are the initial longitudinal 
position of the traffic and subject vehicles, 
respectively, Vt0 and Vs0 are the initial longitudinal 
velocities of the traffic and subject vehicles, and Lt 

and Ls are the length of the traffic and subject 
vehicles.  

The deceleration to avoid can be calculated by 
knowing that the minimum deceleration occurs 
when the vehicles are traveling at the same velocity 
at the point when the distance between them drops 
to zero. The time at which their velocities are equal, 



 
 

Every  8                          
 

TD2A is related to the vehicles velocities, and , 
and, the constant acceleration, Ax,s in Equation 5. 

, = − 	
(Equation 5) 

The distance between the two vehicles being equal 
to zero is expressed in Equation 6. 

+ 2 + ∗ + 12 , ∗= − 2 + ∗ 	
(Equation 6) 

By combining Equations 5 and 6, the expression for 
calculating deceleration to avoid, Equation 7, is 
derived. 

, = 	 ( − )2 + 2 − + 2 	
(Equation 7) 

This equation assumes that the lead traffic vehicle 
remains traveling at its initial velocity and does not 
account for the ability of the traffic vehicle to 
decelerate. The TTC calculation does not account for 
the acceleration abilities of either vehicle. The newly 
proposed ISM method however, takes into account 
both the subject and the traffic vehicles’ acceleration 
capabilities. This allows for the ISM algorithm to 
calculate the previously defined possible, critical, 
and imminent interactions. 

Due to only needing to address longitudinal 
dynamics in this case, the onset of critical and 
imminent interactions can be solved for analytically. 
The first critical interaction is expected when the 
profile associated with maximum deceleration of the 
subject vehicle intersects the profile associated with 
maximum deceleration of the traffic vehicle. In cases 
where the subject vehicle acceleration authority is 
less than or equal to that of the traffic vehicle, and 
the subject is traveling with a higher initial velocity 
than the traffic vehicle, a critical interaction will 
always be present at some point in the future. 
Therefore, a logical limit must be placed on 
prediction time. This is consistent with the 
knowledge that at a certain point in the future all 
things are avoidable. For this case the prediction 

time is limited to the time required for the subject 
vehicle to stop under maximum deceleration. 

= − _ 	
(Equation 8) 

Based on this decision, critical interactions would 
occur in a situation where the distance between the 
two vehicles would be negative before the stop 
time. This assumes that both vehicles decelerate 
with their maximum authority. Imminent interaction 
timing would be calculated where the traffic vehicle 
accelerates at maximum authority while the subject 
vehicle applies maximum deceleration. Using the 
distance formula in Equation 9, the expressions for 
critical and imminent interactions are defined in 
Equation 10.  = − , ∗ + ∗ + + +, ∗ + ∗ + − 		

(Equation 9) 

 

, − , ∗ + ( − ) ∗ −+ + − ≤ 0		
Where A , = 	A _ , 	&		A , = A _ , → Critical 
Or A , = 	−A 	&		A , = A _ , → Imminent 

 (Equation 10) 

To compare these three methods, we begin by 
comparing the case of two vehicles moving along a 
straight path. In this case if we assume that both 
vehicles have a constant velocity then the severity of 
an interaction is only associated with the distance 
between the two. Therefore, for any initial relative 
distance the three severity metrics can be computed 
and compared. The parameters used in configuring 
this scenario are in Table 1.
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Table 1. Purely longitudinal test case initial 
conditions 

Vehicle L [m] V0 

[m/s] 
Ax,max 

[m/s2] 
Ax,min 

[m/s2] 
Subject 5 30 7.3 -8.8 
Traffic 5 20 7.3 -8.8 

 
Based on this information a scenario in which the 
initial distance between the vehicle centers (Δx) was 
45 meters is presented. Since the subject vehicle is 
travelling faster than the traffic vehicle this distance 
is expected to reduce with time and the points at 
which each type of interaction occurs can be 
detected. These results are included in Table 2 and 
plots of the vehicles at the first critical and imminent 
locations are shown in Figure 5. 

 

Table 2. Purely longitudinal test case results 
 

Δx 
(m) Critical Imminent TTC 

(s) 
D2A 

(m/s2) 
Initial Conditions, T=0 

45 No No 4.00 -1.25 
Detection of Critical Interaction, T=0.591 

39.09 Yes No 3.41 -1.47 
Detection of Imminent Interaction, T=3.691 

8.09 Yes Yes 0.31 -16.18 
 

 

(a) First Critical Interaction 

 

(b) First Imminent Interaction 

Figure 5. Purely longitudinal single vehicle

 

The results in Table 2 illustrate the key difference 
between ISM and other metrics. First the TTC does 
not provide any direct insight into risk or safety 
where the ISM is designed to detect risky situations. 
Next, the deceleration to avoid does not factor in 
the traffic vehicle’s ability to decelerate and 
therefore can underestimate the possible severity of 
a situation. By considering the vehicle’s possible 
behavior, situations which may become severe are 
detected substantially earlier than with other 
metrics.  

The ISM algorithm determines that a critical case has 
occurred and that this situation may result in an 
unavoidable collision when the TTC is still greater 
than three seconds and the deceleration to avoid the 
object is less than 0.2 g. The deceleration to avoid is 
well within the vehicle capability, and the time is 
fairly large, so this case would not normally be 
identified as being risky behavior. The ISM detects 
this cases and once completed could provide the risk 
associated with the current course of action. 

Case #2-Multi-Vehicle Longitudinal Case 
The second example case is an extension of the first 
case. In the first case, the vehicle’s lateral 
acceleration capability was limited. This is a 
convenient way to simplify the problem, however it 
is not practical. A scenario can be developed that 
limits the lateral acceleration capabilities of the 
subject vehicle by limiting its possible lateral escape 
routes instead of limiting its lateral acceleration. This 
can be akin to an infinitely wide car or more 
practically a row of k cars that the subject vehicle 
cannot pass between or around as shown in Figure 6 
and described in Table 3. In all cases, k is selected 
such that the resulting line of vehicles is wide 
enough to block all paths of lateral escape. Table 4 
again shows the TTC and D2A when the first critical 
and first imminent interactions are detected for the 
multi-vehicle case. This data shows that the TTC and 
D2A values in Table 4 agree with those in Table 2. 
This shows that the multi-vehicle algorithm 
performance is consistent with the established 
expectation. 
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(a) First critical interaction for multi-vehicle 
(k=19) 
 

 

(b) First imminent interaction for multi-vehicle 
(k=3) 

Figure 6. Multi-vehicle longitudinal interaction 
 

Table 3. Multi-vehicle longitudinal test case 
initial conditions 

 

Vehicle Y0 
[m] 

V0 
[m/s] 

Ay,max/min 
[m/s2] 

Ax,max 
[m/s2] 

Ax,min 
[m/s2] 

Subject 0 30 ±5.1 7.3 -8.8 

Traffic 
3.7 [1: ]− + 12  

20 0 7.3 -8.8 

Table 4. Multi-vehicle longitudinal test case 
results 

Δx 
(m) Critical Imminent TTC 

(s) 
D2A 

(m/s2) 
Initial Conditions, T=0 

45 No No 4.00 -1.25 
Detection of Critical Interaction, T=0.591 

39.09 Yes No 3.41 -1.47 
Detection of Imminent Interaction, T=3.691 

8.09 Yes Yes 0.31 -16.18 
 
Case #3-Purely Lateral Dynamics 
The third sample case is similar to the first, but now 
we simply deal with only the lateral dynamics, i.e. 
the vehicles maintain a constant longitudinal 
velocity. These simplified dynamics still allow for a 
theoretical calculation of possible interaction time 
and critical interaction time. Also, due to there being 
no relative velocity the initial conditions are the 
same for all real time, therefore, only one real time 
stamp needs to be analyzed. 

Given the initial conditions in Table 5, the ISM 
predicts the first possible vehicle interaction at a 
prediction time, Tp, of 0.596 s while the theoretical 
value is 0.591 s. The theoretical value was calculated 
based on the scenario of both vehicles turning 
toward each other at their maximum lateral 
acceleration. This is shown in Figure 7 as the first 
location where the vehicle’s possible spaces interact. 
The ISM predicts the critical interaction will happen 
at Tc=1.025 s with the theoretical value being 1.024 
s. This is when the traffic vehicle turns towards the 
subject vehicle at maximum lateral acceleration and 
the subject vehicle turns away from the approaching 
traffic vehicle at maximum lateral acceleration. This 
critical interaction only occurs because the traffic 
vehicle has higher lateral acceleration limits than the 
subject vehicle. This corresponds to the definition of 
critical interaction previously stated; the driver has 
no possible escape routes and cedes control of the 
maneuver outcome. The driver of the subject vehicle 
can always elect to steer away from the traffic 
vehicle; therefore, an imminent interaction is not 
expected in this scenario. 

Table 5. Purely lateral test case initial conditions 

Vehicle W 

[m] 
Y0 

[m] 
V0 

[m/s] 
Ay,max/min 

[m/s2] 
Ax 

[m/s2] 
Subject 2 0 30 ±3.05 0 
Traffic 2.2 3.7 30 ±6.1 0 
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Figure 7. Purely lateral single vehicle 
 
Case #4-Multi-Vehicle Lateral Case 
The fourth case takes the same idea presented in 
Case #2 and applies it to lateral acceleration. Instead 
of limiting the longitudinal acceleration of a vehicle, 
a scenario is developed where the longitudinal 
escape paths of the subject vehicle are limited due 
to a line of cars in the adjacent lane as shown in 
Table 6 and Figure 8. The ISM calculates a first 
possible interaction time of Tp=0.66 s and a critical 
interaction time of Tc=1.14 s for this maneuver. 
These values are larger than those in Case #2 
because for the first possible interaction, the subject 
vehicle is allowed to accelerate longitudinally and 
the traffic vehicle is allowed to decelerate 
longitudinally resulting in a first possible interaction 
that is later than in Case #3 where there is no 
longitudinal acceleration. For the critical interaction, 
this is larger because both vehicles are decelerating 
along their curved paths resulting in a longer time 
before reaching the critical interaction. 

Table 6. Multi-vehicle lateral test case initial 
conditions 

Vehicle X0 

[m] 
Y0 

[m] 
V0 

[m/s] 
Ay,max/min 

[m/s2] 
Ax,max 

[m/s2] 
Ax,min 

[m/s2] 
Subject 0 0 30 ±3.05 7.3 -8.8 

Traffic1 -9 -
3.7 30 ±6.1 7.3 -8.8 

Traffic2 0 0 30 ±6.1 7.3 -8.8 
Traffic3 9 3.7 30 ±6.1 7.3 -8.8 

 

 

Figure 8. Multi-vehicle lateral interaction 

DISCUSSION 

The goal of this document is not to provide a 
comprehensive methodology or extensive validation, 
but rather to start a conversation. The evaluation 
and validation of automated vehicles is one of the 
more substantial and important unresolved 
questions in this area. Answering this question 
requires a shift from traditional paradigms of vehicle 
safety testing to a more comprehensive view of this 
matter. 

The proposed method of safety analysis provides a 
quantitative window into the predominantly 
qualitative world of subtle and nuanced traffic 
interactions. The authors believe that this method 
and approach provide a sure path toward developing 
a tool which can be used to quantify automation 
system performance in simulation, test-track and on-
road evaluations. 

CONCLUSIONS 

This document has introduced the concept of an 
Instantaneous Safety Metric. The fundamental 
constructs of its implementation, both geometric 
region of interest and classification of vehicle 
interactions have been discussed. Furthermore, the 
progress in developing an algorithm to implement 
this method is also presented and discussed. Basic 
example cases have been used to show some steps 
toward validation and to present cases of interest 
which illustrate the importance of using this type of 
approach.  

REFERENCES 

[1] National Highway Traffic Safety Administration. 
"Title 49 Code of Federal Regulations (CFR) Part 571 
Section 126 Electronic Stability Control Systems." 
Washington, DC: Office of the Federal Register, 
National Archives and Records Administration 
(2007). 

[2] Euro NCAP "Test protocol—AEB systems, Version 
1.0." (2013).  

[3] A. Constantin, J. Park and K. Iagnemma, "A 
margin-based approach to threat assessment for 
autonomous highway navigation," 2014 IEEE 
Intelligent Vehicles Symposium Proceedings, 
Dearborn, MI, 2014, pp. 234-239. 

[4] A. Eidehall and D. Madås, "Real time path 
planning for threat assessment and collision 



 
 

Every  12                          
 

avoidance by steering," 16th International IEEE 
Conference on Intelligent Transportation Systems 
(ITSC 2013), The Hague, 2013, pp. 916-921. 

[5] A. H. Ibrahim, C. Pegard and E. M. Mouaddib, 
"Collision prediction between vehicles in an 
unstructured environment," Sciences and Techniques 
of Automatic Control and Computer Engineering 
(STA), 2013 14th International Conference on, 
Sousse, 2013, pp. 509-514. 

[6] A. Houénou, P. Bonnifait and V. Cherfaoui, "Risk 
assessment for Collision Avoidance Systems," 17th 
International IEEE Conference on Intelligent 
Transportation Systems (ITSC), Qingdao, 2014, pp. 
386-391. 

  [7] J. H. Kim and D. S. Kum, "Threat prediction 
algorithm based on local path candidates and 
surrounding vehicle trajectory predictions for 
automated driving vehicles," 2015 IEEE Intelligent 
Vehicles Symposium (IV), Seoul, 2015, pp. 1220-
1225. 

[8] Wu, M., Deng, W., Zhang, S., Sun, H. et al., 
"Modeling and Simulation of Intelligent Driving with 
Trajectory Planning and Tracking," SAE Int. J. Trans. 
Safety 2(1):1-7, 2014, doi:10.4271/2014-01-0108. 

[9] G. S. Aoude, B. D. Luders, K. K. H. Lee, D. S. Levine 
and J. P. How, "Threat assessment design for driver 
assistance system at intersections," Intelligent 
Transportation Systems (ITSC), 2010 13th 
International IEEE Conference on, Funchal, 2010, pp. 
1855-1862. 

 [10] Ming Cen, Yanan Guo, Kun Lu, "Bayesian 
Network Based Threat Assessment Method for 
Vehicle," Journal of Computers vol. 7, no. 7, pp. 
1726-1732, 2012. 

[11] Milliken, William F., and Douglas L. Milliken. 
Race car vehicle dynamics. Vol. 400. Warrendale: 
Society of Automotive Engineers, 1995. pp. 345-366 

[12] Gillespie, Thomas D. Fundamentals of vehicle 
dynamics. Vol. 114. SAE Technical Paper, 1992. pp. 
195-201, 364-366 

 



 
NHTSA Cybersecurity Research 
John Martin 
Arthur Carter 
National Highway Traffic Safety Administration 
United States 
 
Paper Number 17-0082 
 
Abstract 
 
New safety technologies which rely on computers, algorithms and sensors have the potential to sharply decrease 
the number of motor vehicle fatalities. However, recent public demonstrations of hacking on vehicle computer 
systems imply that, if vehicle cybersecurity is not proactively addressed, it could compromise public trust in these 
systems and the technology-driven safety transformation we all want to achieve. In response, NHTSA is pursuing 
several avenues of cybersecurity research which will help define the scope of cybersecurity challenges and inform 
on potential methods of remediation. NHTSA’s cybersecurity research will also provide operational expertise in 
testing modern software-defined vehicles. 
 
NHTSA is funding several research projects in addition to developing in-house cybersecurity expertise. These 
cybersecurity research projects include: 
• the evaluation of anomaly detection systems 
• the identification of cybersecurity issues in heavy trucks 
• a look into firmware updates 
• the development of a formally verified V2V basic safety message parser which can help guarantee the 
correctness of incoming basic safety messages 
 
 
 
 

INTRODUCTION 
The world’s network infrastructure connects an 
estimated 6.4 billion devices. This number 
represents an estimated 30 percent increase from 
2015 (Gartner 2015).  These connected devices are 
not necessarily entirely phones and computers.  
Increasingly, diverse consumer devices such as 
thermostats, smoke detectors and cameras are 
connected.   

One can see that more and more general consumer 
devices are connected to network infrastructure. 
Vehicles are no exception.  As this level of 
connectedness increases, the potential for bad 
actors obtaining access and control of vehicle 
computing resources increases as well. For this 
reason, NHTSA has recently made efforts to 

understand and address some of these growing 
concerns. 

This paper will discuss some of the ways in which 
NHTSA has engaged with the cybersecurity 
community on vehicle cybersecurity issues.  

While NHTSA is not aware of any real-world safety 
related vehicle cybersecurity incidents, security 
researchers have demonstrated that scenarios 
involving wireless access to certain vehicles are 
possible (Miller and Valasek, Remote Exploitation of 
an Unaltered Passenger Vehicle 2015).   

Computer Control of Vehicles 
In 2015 there were 35,200 traffic fatalities (US DOT 
2016).  This total represents a 7.7% increase over 
2014 (US DOT 2016). Since 94% of crashes are 
caused by human error (Singh 2015), automated 



vehicle techniques hold the promise of greatly 
reducing traffic fatalities.  However, allowing 
computers increased control authority brings with it 
the problem of unauthorized cyber access 
potentially compromising the enhanced safety which 
automotive control computers can provide.   

The risk of cyberattacks in automobiles resembles 
the issues posed by connected consumer devices in 
general.  Our society sees the potential for great 
benefits, but cybersecurity concerns need to be 
addressed for the technology-driven transformation 
to be realized.    

Road vehicles occupy a unique place among 
consumer devices by the nature of risks they pose. A 
typical vehicle in motion packs significant amount of 
kinetic energy that can cause physical harm to the 
surrounding traffic, in contrast to harm that can be 
caused by hacking into other consumer devices, such 
as cellular phones or smart television sets.  

Recent Demonstrations of Hacking 
Recent years have seen important public 
demonstrations of the vulnerability of automobiles 
to cyberattack.  Modern vehicles possess internal 
communications networks (also called busses) which 
allow specific use computers called Electronic 
Control Units (ECUs) to communicate with one 
another.  Theoretically, one could provide a separate 
communications medium for each required 
connection between ECUs.  However, a less 
expensive solution in terms of cost and packaging is 
to implement a common, multiple access 
communication bus.  In most vehicles this common 
communications bus uses a specific protocol created 
in the late 1980s called the “Control Area Network” 
or CAN bus (Robert Bosch GmbH 1991).   

One of the important consequences of using a 
common, multiple access communications bus is 
that any ECU on the bus can monitor the traffic 
generated by any other ECU on the bus.   

Also, conventional use of the CAN bus assigns a 
particular packet identifier number to a particular 

ECU.  However, the CAN protocol offers no inherent 
authentication method to ensure that a packet 
possessing a particular packet ID was actually 
generated by a specific ECU. 

An example of using the CAN bus to produce an 
undesirable vehicle action follows.  A collision radar 
may use the CAN bus to announce the presence of 
an object to a braking system.  The braking system 
would then apply brakes such that the vehicle does 
not strike the object.  Since the CAN bus is a 
common bus designed for multiple ECUs which are 
not typically authenticated, the radar’s target 
recognition communications may be spoofed or 
faked by another device to cause spurious braking of 
the automobile without the actual presence of a 
radar target (Miller and Valasek, Adventures in 
Automotive Networks and Control Units 2014).   

From the perspective of an attacker, the tricky, 
difficult part in the above scenario lies in establishing 
enough control over a vehicle’s network to transmit 
CAN packets appearing to be valid packets which 
originate from the collision avoidance radar.  The 
simplest versions of the above hack assume that this 
control is easily obtained by physically placing a 
microcontroller board with a CAN bus interface on 
the wires which carry the vehicle’s CAN bus.  In 
many cases, this physical coupling may be 
conveniently obtained by using the vehicle’s On-
Board-Diagnostic (OBD) port which resides 
underneath the dashboard next to the driver’s 
knees. 

Many automobile hacking demonstrations 
(Checkoway, et al. 2011, Miller and Valasek, 
Adventures in Automotive Networks and Control 
Units 2014) have used CAN bus communications to 
affect vehicle operations.  If any cyberattack 
acquires the capability to transmit and receive on a 
vehicle’s CAN busses, an attacker may have the 
ability to put some vehicles in an unsafe state. 

A notional cyberattack which relies on physical 
access to the target vehicle does not necessarily 
change the cybersecurity risk. However, if an 
attacker can establish a remote, wireless connection 



to a vehicle’s CAN bus, the cybersecurity risk 
increases greatly.   

The CAN bus provides a ubiquitous and universal 
means of sharing information within the vehicle.  
While it certainly delivers on these highly desirable 
qualities, coupling CAN with recent extensive use of 
external wireless communications has the 
demonstrated potential to provide the means for an 
attacker to insert packets on a vehicle’s CAN bus 
without first obtaining physical access.     

NHTSA Cybersecurity Engagement 
In response to both the increased use of potentially 
vulnerable automotive computer control techniques 
and recent public demonstrations of cyber 
vulnerabilities, NHTSA has pursued a variety of 
avenues of public engagement.   

NHTSA has identified various vehicle cybersecurity 
stakeholders which include Federal partners such as 
Department of Homeland Security, National Institute 
of Standards and Technology (NIST), Defense 
Advanced Research Projects Agency (DARPA), 
industry standard setting organizations such as SAE 
International (SAE), and vehicle and vehicle 
equipment manufacturers, such as individual OEMs 
and suppliers as well as automotive trade 
associations. NHTSA also attends the Black Hat, 
DEFCON and ESCAR cybersecurity conferences. 

In addition to regular contact with cybersecurity 
stakeholders, NHTSA has pursued public 
engagement in the following ways: 

• Encouraged the formation of the 
Automotive Information Sharing and 
Analysis Center (Auto ISAC) 

• Released “Proactive Safety Principles” in 
January 2016 

• Hosted the January 2016 Cyber Roundtable 
discussion 

• Released the document “Cybersecurity Best 
Practices for Modern Vehicles” guidance for 
public comment in October 2016 

The next four sections will describe these events and 
publications. 

Automotive Information Sharing and Analysis 
Center An Information Sharing and Analysis 
Center or “ISAC” as suggested in Presidential 
Policy Directive 63 (Clinton 1998) is a 
mechanism commonly used in other industries 
where cybersecurity or security in general is a 
shared problem which transcends the usual 
competitive activity.   

As the name implies, information concerning 
cybersecurity is shared within the members of the 
ISAC in a manner which does not threaten disclosure 
of intellectual property.  NHTSA encouraged the 
formation of an automotive ISAC which announced 
its formation in July 2015 and became fully 
operational on January 19, 2016. More information 
about the recently established automotive ISAC may 
be found on their website (Auto ISAC 2016).  

Proactive Safety Principles In January 2016, 
NHTSA finalized a historic agreement with 18 
automakers on proactive safety principles (NHTSA 
2016).  The signatories agree to work together to 
develop a collaborative, data-driven, science-based 
process, consistent with the law, to advance safety 
objectives.  One of the stated objectives is to 
“Enhance Automotive Cybersecurity”.  In general, 
the “Proactive Safety Principles” focuses on the 
cooperation and information sharing techniques 
necessary for enhancing automotive cybersecurity.  
Specifically, the principles suggest: 

1. Developing best practices that reflect 
lessons learned within and outside of the 
auto industry to foster enhanced cyber 
resiliency and effective remediation 

2. Developing appropriate means for engaging 
with cybersecurity researchers as an 
additional tool for cyber threat 
identification and remedy  

3. Supporting the evolution of the auto 
industry’s information sharing and analysis 
center (Auto–ISAC) through the following: 



a. Promote continued voluntary 
sharing of cybersecurity threat and 
vulnerability information through 
the Auto–ISAC and its members. 

b. Enhance the Auto–ISAC to include 
sharing of common/generic 
countermeasures used to address 
common threats and 
vulnerabilities. 

c. Expand the membership of the 
Auto–ISAC to include members of 
the automotive supplier 
community and other participants 
in the connected vehicle 
ecosystem. 

Cyber Roundtable Discussion In January 2016, 
NHTSA hosted a cyber roundtable discussion of 
cybersecurity.   The discussion consisted of 35 
panelists in four panels from a variety of different 
general affiliations such as: 

• OEMs 
• Suppliers 
• Federal Agencies 
• Security Researchers 
• Associations 
• Advocates 
• Technology Companies 

There were over 300 people in attendance from 200 
unique organizations and 25 federal groups, 17 
OEMS and 13 associations.  

By design, the discussion panels included a diverse 
set of stakeholders from independent security 
researchers to executives of automotive OEMs and 
their suppliers. The discussion was open, and the 
varied viewpoints expressed throughout the day 
provided welcome input to NHTSA’s next step action 
items, including to the “Cybersecurity Best Practices 
for Modern Vehicles” document described below. 

Cybersecurity Best Practices for Modern 
Vehicles In the fall of 2016 NHTSA issued a draft 
document “Cybersecurity Best Practices for Modern 
Vehicles” (NHTSA 2016).  This document provides 

best practices guidance to the broader industry 
related to vehicle cybersecurity.  This guidance 
includes the following key areas. 

Pursue a Risk-based Approach NHTSA is 
particularly concerned about the potential safety 
ramifications of a vehicle cybersecurity issue. Safety 
is fundamental to NHTSA’s mission, and the “Best 
Practices” encourages the automotive industry to 
appropriately assess risks and undertake actions to 
mitigate risks to vehicle safety-critical systems.   

Leverage Existing Cybersecurity Guidance There 
is substantial existing guidance on cybersecurity that 
addresses other but relevant industries. NHTSA 
suggests utilizing this existing expertise by 
referencing sources such as: 

• NIST Cybersecurity Framework (NIST 2014) 
• ISO 27000 series standards (ISO 2016) 
• Critical Security Controls for Effective Cyber 

Defense (CIS 2016) 

In addition, the “Best Practices” references the 
recently published SAE standard J3061 (SAE 2016). 

Participate in Information Sharing In the “Best 
Practices” NHTSA explicitly encourages two methods 
of information sharing, namely: 

• Communication through the Auto-ISAC 
among industry participants 

• Vulnerability reporting/disclosure between 
companies and external parties, such as 
independent researchers 

While the Auto-ISAC is discussed in a previous 
section, a “vulnerability reporting/disclosure policy”  
describes a relationship between cybersecurity 
researchers and automotive companies in which the 
parties establish an easy channel of communications 
through which the sharing of information can occur.   

The motor vehicle industry should adopt explicit 
vulnerability reporting/disclosure policies and should 
be open to receive outside information regarding 
the cybersecurity of their products. 



Place Leadership Priority on Product 
Cybersecurity The “Best Practices” calls for 
cybersecurity to be a priority at a high level in 
corporate governance.  In addition, the “Best 
Practices” calls for the following actions to 
demonstrate management commitment: 

• Allocate dedicated resources within the 
organization focused on researching, 
investigating, implementing, testing, and 
validating product cybersecurity measures 
and vulnerabilities 

• Facilitate seamless and direct 
communication channels through 
organizational ranks related to product 
cybersecurity matters 

• Enable an independent voice for vehicle 
cybersecurity related considerations within 
the vehicle safety design process 

Consider Fundamental Vehicle Cybersecurity 
Protections The “Best Practices” does call out some 
automotive electronics design considerations 
without specifics.  The space of potential 
cybersecurity threats is large and getting larger as 
more software is written.  Thus, any specifics are 
likely to become obsolete quickly.  The guidance 
simply suggests that automotive industry should 
consider these design choices within their risk-based 
approach and make informed decisions.  

Based on the specific architecture, not all design 
considerations may be necessary. Similarly, the use 
of certain design techniques is not sufficient to 
guarantee cybersecurity, which often depends on 
the underlying architecture.  

These design considerations are established through 
NHTSA’s internal research as well as recent efforts 
by external cybersecurity researchers, (Miller and 
Valasek, Remote Exploitation of an Unaltered 
Passenger Vehicle 2015), (Checkoway, et al. 2011),  
(Kamkar 2015) and others.  They are intended to 
help move motor vehicles towards a more cyber-
secure posture. 

NHTSA’s Vehicle Cybersecurity Research 

NHTSA’s cybersecurity research approach can be 
described by five high level goals:   

1. Expand and share vehicle cybersecurity 
knowledge base 

2. Facilitate implementation of voluntary 
industry standards 

3. Foster development of new system 
solutions to improve cybersecurity 

4. Investigating minimum performance based 
vehicle safety requirements for 
cybersecurity 

5. Develop foundational materials to inform 
policy decisions 

NHTSA has a history of performing hands-on testing 
of vehicles in a variety of different settings.  
However, the data obtained from a test vehicle is 
increasingly dependent and defined by software and 
computer control systems.   Since vehicles are 
defined by the software that they run, NHTSA has 
been acquiring expertise in embedded systems and 
cybersecurity. 

While NHTSA is developing in-house embedded 
cybersecurity expertise, NHTSA is funding external 
research which supports its cybersecurity research 
goals.  

NHTSA’s Active Research Projects 

Vehicle to Vehicle Basic Safety Message Parser 
This project will deliver a formally verified vehicle to 
vehicle basic safety message parser.   

The first line of defense against a hacker who 
attempts to break a message protocol is the parser 
which transforms the raw serialized bytes of the 
communications medium into an appropriate 
memory structure.  In the past, untested invalid 
messages could move parsing code into 
unanticipated paths of execution or into a general 
memory modification.   

This project attempts to mitigate this possibility with 
a message parser which has been mathematically 
tested and formally verified as correct. 



Intrusion Detection Unusual traffic on a CAN bus 
can be an indicator of a cyberattack.  There are 
several products in the marketplace which attempt 
to detect these unusual conditions and report them.  
This project will develop a methodology that could 
assess the effectiveness of anomaly-based intrusion 
detection solutions.  

Firmware Updates The process of updating the 
firmware found in vehicles is particularly important 
from two separate perspectives.  First, the ability to 
fix cybersecurity vulnerabilities depends on the 
timely application of firmware updates.  Second, 
while incorporating firmware update facilities is 
vital, if updating procedures are implemented 
improperly, the updating procedures themselves can 
become serious cybersecurity vulnerabilities.  

This project looks into the practice of updating 
vehicle firmware.  The project looks at current 
firmware updating practices, their potential for 
misuse and potential mitigations.    

Heavy Vehicle Cybersecurity This project 
investigates aspects of cybersecurity as they relate 
to heavy trucks (classes 2-8, 10,000-80,000 pounds).   

This study attempts to identify factors that are 
relevant to comparing cybersecurity of light-, 
medium-, and heavy-duty trucks with respect to 
cybersecurity of passenger vehicles. Given the large 
body of cybersecurity knowledge developed in the 
light vehicle domain over the past years, the intent 
of this project is to investigate how much of that 
knowledge can be readily applied to heavier vehicle 
classes.  In addition, the project will identify what 
additional areas of heavy truck cybersecurity may 
need focused research.   

Conclusions 
Given the ever-changing nature of vulnerabilities in 
consumer devices, the automotive industry needs to 
work collectively in an ongoing fashion to manage 
the vehicle cybersecurity risks.   NHTSA will continue 
to partner with the broader stakeholder groups to 

sustain the momentum in moving the automotive 
industry towards a more cyber-secure posture.  
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ABSTRACT

Ninety-seven percent of 2016 model year vehicles evaluated in the Insurance Institute for Highway Safety (IIHS) side
impact test received good ratings.  Good-rated vehicles have lower side impact fatality rates than other vehicles,
but additional crashworthiness improvements may be possible.  In a previous analysis of real-world cases, most
serious injuries in good-rated vehicles resulted from crashes with impacts centered farther forward than the IIHS
configuration and/or crashes that produced greater intrusion at the occupant location.  The current study examines
whether the occurrence of real-world injury in a different crash configuration can be identified in the laboratory,
how injury risk in such a configuration compares to the current IIHS test, and whether current vehicle designs already
offer improvements over the vehicles in the real-world cases (median model year was 2007).

A NASS-CDS crash of a 2007 Honda Fit struck by a 1999 Toyota Camry was chosen for laboratory replication.  The
nearside impact location was centered forward of the front axle and the 75-year-old driver occupant sustained fatal
thoracic injuries.  A WorldSID-50th percentile male ATD with a RibEye deflection measurement system was used to
record injury measures, and these were compared to measures from four additional tests.  In the first, the case
vehicle was struck by the IIHS MDB at the standard test location and speed (50 km/h).  In the second, the
reconstruction test was repeated using a 2015 Honda Fit as the struck vehicle.  The third and fourth tests involved
the IIHS MDB impacting the 2015 Fit at the standard location at 50 km/h and 60 km/h, respectively.

The reconstruction test of the 2007 Fit produced structural damage comparable to the real-world case.  Compared
to the standard IIHS test, the torso airbag deployment time was similar, the ATD loading was later due to the longer
crash pulse, and there was less intrusion at the occupant position.  Despite these differences, the injury measures
recorded by the ATD were broadly similar and indicated elevated injury risks consistent with the observed real-
world injuries. Compared to the 2007 model, the 2015 Fit produced much lower intrusion and injury measures in
the reconstruction and standard IIHS tests.  The greatest injury risks in all five tests were recorded when the 2015
Fit was impacted by the IIHS MDB at 60 km/h.

The loading and intrusion patterns in the real-world reconstruction differed from the standard IIHS test, but did not
translate to large differences in predicted injury risks.  Furthermore, tests of the newest generation Fit suggest some
of the risk factors observed in the real-world crash have been mitigated by more recent crashworthiness
improvements.  However, the benefit of these improvements was more than offset by the increased severity of a
60 km/h test.

Simply increasing the severity of the current IIHS test may be more effective at producing additional real-world
improvements than a test configuration that has a different impact location but does not result in increased
intrusion.  However, more research would be needed to ensure that a higher severity test does not promote
countermeasures with reduced protection in less severe crashes.
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INTRODUCTION

The Insurance Institute for Highway Safety (IIHS)
began its side impact crashworthiness evaluation
(SICE) program in 2003.  In the SICE test, the
stationary tested vehicle is struck on the left side by a
1,500 kg moving deformable barrier (MDB) at 50
km/h.  One of four ratings is assigned based on a
combination of structural performance, injury
measures recorded on dummies in the driver and left
rear passenger seat, and observations of the restraint
system and kinematics of the anthropometric test
device (ATD).  Of the 2004-06 models tested in the
program, 27 percent received the highest rating of
good, while 41 percent received the lowest rating of
poor.  For 2014-17 models, these proportions had
changed to 93 and 1 percent, respectively (Figure 1).
Based on analysis of real-world side impacts, Teoh
and Lund [1] found that when a left-side crash
occurred, drivers of good-rated vehicles were 70
percent less likely to die than drivers of poor-rated
vehicles.  When combined with other changes in the
fleet, driver behavior, and environmental factors,
improved crashworthiness has helped contribute to a
decline in side-impact driver fatality rates in 1-3 year
old vehicles from 22 per million in 2005 to 5 per
million in 2015 [2].

Figure 1. IIHS side impact ratings by vehicle model
year

Despite these improvements, side impact crashes
accounted for 5,593 passenger vehicle occupant

fatalities in 2015. These fatalities occurred in vehicles
with a median model year of 2003, meaning that most
were not rated in the IIHS program.  This suggests that
side impact fatality rates will continue to fall as the
fleet continues to turn over, given the relationship
between good test performance and real-world
experience.  At the same time, however, 49 percent
of the rated vehicles with 2015 side impact fatalities
were rated good.  It is possible that the existing IIHS
test configuration could be modified or
supplemented in order to encourage additional
countermeasures that improve the real-world
crashworthiness of the passenger vehicle fleet.

In order to identify changes to the IIHS test that have
the potential to provide additional benefit, a previous
study focused on crashes that produced serious or
fatal injuries to occupants in vehicles with good
ratings [3]. Queries of the National Automotive
Sampling System Crashworthiness Data System
(NASS-CDS) and Crash Injury Research and
Engineering Network (CIREN) identified 109
occupants in crashes from 2005-2012. Differences
between the real-world crashes and the IIHS test
were categorized through in-depth analysis of each
case. Table 1 shows the potential for various changes
to the IIHS test configuration to affect the injury
outcome for the study population. No single change
to the current test configuration would have been
relevant to more than around one-quarter of the
occupants.  When considering combinations of two
changes, a more severe test with an impact centered
farther forward on the vehicle had the greatest
potential relevance. This assumes such a test would
encourage countermeasures that benefit occupants
in crashes that differ from the current configuration
in either or both of these ways.

While the NASS-CDS/CIREN study was restricted to
good-rated vehicles, it still is possible that the sample
does not represent the current fleet. The median
model year for vehicles in the sample was 2007, and
91 percent of the occupants were in vehicles built
before 2010.  Countermeasures introduced since
then may have reduced the risk of injury in some of
the specific crash scenarios identified in the study.
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For example, even among good-rated vehicles,
manufacturers have continued to make structural
improvements. Figure 2 shows the average B-pillar
crush measurements in the IIHS test by model year.
Injury risks also may have been reduced due to the
oblique pole tests introduced by the National
Highway Traffic Safety Administration (NHTSA) in
Federal Motor Vehicle Safety Standard 214 and the
New Car Assessment Program. Even improvements in
other modes such as the IIHS small overlap test or the
roof strength test may carry over to provide benefit
in side impacts.

Change or combination of
changes

Case occupants
affected

Forward impact location 28%
Increase severity 17%
Adjust injury criteria 9%
Include far-side occupant 9%
Increase severity and forward
impact location 62%

Increase severity and include
far-side occupant 37%

Table 1.
Potential relevance of test changes to NASS-CDS
and CIREN occupants with serious injury in good-

rated vehicles

Even if the relevance of potential test changes shown
in Table 1 holds for the current fleet, it does not
necessarily follow that a modified side-impact test
could predict the real-world injuries that were
observed. This is a particular concern for oblique
impacts or for perpendicular impacts that are off-
centered from the occupant compartment and
produce oblique ATD loading or kinematics.  Existing
side impact dummies have been designed for and
validated against perpendicular lateral impacts.
Some work has been done to document the response
of specific body regions under oblique loading (e.g.
[4]) but injury reference values have not been
established, nor has the kinematic response of the
dummies been validated in oblique conditions. In
addition to possible limitations of the ATDs, there
may be additional challenges to replicating the
vehicle loading conditions observed in real-world
cases in a laboratory setting.

Figure 2. Average B-pillar crush in SICE tests of good-
rated vehicles by model year. Crush is measured
relative to the precrash centerline of the driver’s
seat, with negative values indicating crush does not
reach the centerline.

The current study was conducted to explore the
potential for modified crash tests to predict injury
outcomes observed in the real-world that may be
different from the risks identified in the existing SICE
test. In addition, tests of a current vehicle design
were used to investigate whether some of the risks
associated with a modified configuration have been
mitigated by more recent vehicle redesigns.

METHODS

The NASS-CDS and CIREN cases previously analyzed
[3] were filtered to select a case for laboratory
replication.  The inclusion criteria were a near-side
vehicle-to-vehicle crash centered farther forward
than the existing SICE test.  In addition, a case
occupant sustaining thoracic injuries with a level of 3
or higher on the Abbreviated Injury Scale (AIS) was
required due to the prevalence of injuries to that
body region in the overall analysis. Finally,
photographic documentation and measures of
structural deformation for the striking vehicle were
necessary in order to facilitate and assess the
agreement between the test configuration and the
real-world case.

Based on the inclusion criteria, NASS-CDS case 2007-
02-107 was selected for replication. Details of this
case are shown in Table 2. The initial impact was the
primary event, with the front of the 1999 Toyota
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Camry striking the left side of the 2007 Honda Fit
close to the front axle. The coded direction of force
for the Fit was 290° (20° oblique towards the rear).
The coded case information was used to reconstruct
the crash using the PC-Crash software [5].  This
resulted in calculated impact speeds of 88 km/h and
33 km/h for the Camry and Fit, respectively.

Struck vehicle 2007 Honda Fit
Striking vehicle 1999 Toyota Camry
Case occupant 75-year-old male, 185 cm, 104 kg,

belted, fatally injured
AIS≥2 injuries AIS 5 Bilateral flail chest

AIS 4 Trachea perforation
AIS 3 Pulmonary artery laceration
AIS 3 Left lung contusion,
laceration, hemothorax
AIS 2 Spleen laceration

Table 2.
Details of NASS-CDS case 2007-02-107

The striking and struck vehicles in the replication test
were the same generation as those in the NASS-CDS
case. Due to the technical challenges of conducting
an oblique test with both vehicles moving, two
alternative tests were conducted. In the first test, the
Fit was stationary but rotated 20° to represent the
assumed direction of force in the real-world crash. In
the second test, both vehicles were moving but
aligned perpendicularly at impact. Based on the
damage patterns to both vehicles, the second
configuration was selected as the best match to the
real-world crash. Another limitation of the IIHS crash
propulsion system required the Camry’s speed to be
reduced from the 88 km/h estimated in the NASS-CDS
case to a test speed of 80 km/h. The test speed for
the Fit was 32 km/h. Figure 3 shows the orientation
of both vehicles at impact. The horizontal centerline
of the Camry was aligned 19 cm forward of the Fit’s
left front axle.

A WorldSID 50th percentile male ATD was used to
assess the injury risks for the driver occupant. The
ATD was positioned according to the IIHS SICE
protocol while following the seat positioning
procedure for a 50th percentile male [6],[7]. The ATD
was equipped with a RibEye Multi-Point Deflection
Measurement System [8]. The RibEye system reports

the three-dimensional displacements for each of
three LEDs installed on each rib. Figure 4 shows the
installation of the LEDs on a rib.

Figure 3. Impact orientation in replication test

Figure 4. RibEye LEDs installed on WorldSID rib [8]

The three-dimensional displacement measurements
were converted to a resultant deflection for each of
the three LED locations on each rib. The resultant
deflection was defined relative to the centerline of
each rib horizontally and vertically and to the
centerline of the dummy laterally.  In other words, the
calculated deflection would match the reading from a
potentiometer or IR-TRACC that was attached
between the location of the LED and the center of the
ATD at the x-coordinate of the rib centerline.  In
addition to the resultant deflection measurements,
the peak lateral displacement was calculated. Figure
5 illustrates the deflection and displacement
measurements.
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Figure 5. Definition of the deflection and
displacement measurements for one of the RibEye
LEDs. Deflection is defined as the difference
between L0 and L1.

Readings from the ATD were compared to the injury
risk curves published by the International
Organization for Standardization [9]. For the thoracic
and abdominal risks, the greatest deflection was used
from all measurement locations, even though the
standard IR-TRACC would not record deflection at the
anterior or posterior locations. Adjusted risks were
calculated for a 75-year-old, since this was the age of
the occupant in the NASS-CDS case being replicated,
as well as for a 45-year-old. Because no injury risk
curve has been published for the head, risks were
assessed using the HIC-15 curve published for the
Hybrid III 50th percentile male ATD in frontal crashes
[10].

Injury risks from the replication test cannot directly
be compared to the original SICE test with a 5th

percentile female SID-IIs ATD.  In order to isolate
differences introduced by modifying the test
configuration, a second 2007 Fit was tested according
to the SICE procedure (50 km/h MDB test) but with
the WorldSID ATD in the driver position.

To explore the effect of the latest crashworthiness
improvements that may not have been captured in

the NASS-CDS/CIREN analysis, the replication and
SICE tests of the 2007-08 Fit were repeated using the
2015-17 Fit design. Finally, the new Fit was evaluated
in a SICE test with the impact speed increased to 60
km/h.  This allowed a comparison of injury risks
between two crash modes that differed from the SICE
test in the ways most commonly identified in the
analysis of real-world crashes. The complete test
matrix is shown in Table 3.

ID Struck vehicle Impact configuration
A 2007 Fit, 33 km/h 1999 Camry centered 24 cm

forward of front axle, 88 km/h
B 2007 Fit, stationary MDB centered 145 cm rearward

of front axle, 50 km/h
C 2015 Fit, 33 km/h 1999 Camry centered 24 cm

forward of front axle, 88 km/h
D 2015 Fit, stationary MDB centered 145 cm rearward

of front axle, 50 km/h
E 2015 Fit, stationary MDB centered 145 cm rearward

of front axle, 60 km/h
Table 3.

Test matrix

RESULTS

Figure 6 shows a comparison of crush measurements
from the real-world NASS-CDS case and from the
reconstruction test. The bumper bar of the striking
Toyota Camry had more deformation in the real-
world crash than in the test.  The lateral crush
measurements on the struck Honda Fit were similar.

Figure 7 shows a comparison of lateral crush
measurements for all 5 crash tests. Almost all the
intrusion in Tests A and C occurred forward of the pre-
test ATD H-point position, while the tests in the SICE
configuration had intrusion profiles centered
between the H-point and the B-pillar. The tests of the
2015-17 Fit had less crush than the paired tests with
the earlier design. In fact, for the tests in the SICE
configuration, the B-pillar intrusion for the current
design in the 60 km/h test (Test E) was less than the
intrusion for the old design in the 50 km/h test.

Several of the RibEye readings had data drop-outs,
potentially caused when the line of sight between an
LED and a sensor was obstructed. Usually these drop-
outs occurred after peak loading, or were of short
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enough duration that linear interpolation still allowed
the data to be used. However, at times the drop outs
were longer and none of the output from a given
sensor was usable.  Table 4 lists these sensors.

Figure 6. Vehicle crush measurements (cm) from the
reconstruction test (Test A) and from the NASS-CDS
case, shown at the test impact point. Measurements
of the striking vehicle were taken on the front
bumper bar and the origin is the front center of the
bumper. Measurements of the struck vehicle were
taken near the frame rail height and the origin is the
intersection of the front axle and vehicle centerline.

Figure 7. Vehicle lateral crush profiles taken at the
mid-door height (cm). The origin is the intersection
of the front axle and vehicle centerline. The crush
profile is not shown for Test E because the driver
door opened and affected the measurement. The B-
pillar deformation is reported at the mid-door
height. There was no B-pillar deformation in Tests A
or C.

Test ID Rib Sensor position(s)
B Shoulder Anterior
C Shoulder Anterior
D Shoulder All three
E Shoulder Anterior
E 1st thoracic Anterior
E 2nd thoracic Anterior

Table 4.
RibEye sensor locations where data loss

prevented valid measurements

Peak injury measures for all 5 tests are shown in Table
5. Figure 8 shows the injury risks for a 45-year-old and
for a 75-year-old calculated using published risk
curves.  With the exception of the abdominal body re-
gion, the highest injury values were recorded in Test
E.  Among the other four tests, tests A and B tended
to have higher injury risk than the paired tests with
the newer Fit. One exception was the higher shoulder
force recorded in the SICE test in the newer vehicle.
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A B C D E
HIC-15 135 334 102 224 759

Shoulder force (kN) 2.3 1.5 1.8 2.0 3.3
Shoulder deflection
(mm) 47-m 41-p 33-m * 59-p

Shoulder lateral
displacement (mm) 51-m 51-m 36-m * 65*-m

Max thoracic
deflection (mm) 38-m 43-p 25-p 33-p 57-p

Max thoracic lateral
displacement (mm) 42-a 44-m 29-a 32-m 59-m

Max abdominal
deflection (mm) 36-p 46-p 26-p 31-p 44-p

Max abdominal
lateral displacement
(mm)

34-p 45-m 26-m 31-a 42-p

Pubic force (kN) 1.3 1.6 1.5 1.2 1.6
Airbag deployment
(ms) 24 20 20 6 8

Max thoracic
deflection time (ms) 71 23 68 44 36

Table 5.
Summary injury measures and timing by test ID. The
RibEye sensor locations recording the peak rib
deflections and displacements are indicated by: “a”
(anterior), “m” (middle) or “p” (posterior). The *
indicates either a complete loss of data or a partial
loss where the peak value may have been higher.

Figures 9-11 show the two-dimensional X-Y dis-
placement of the RibEye LEDs at all three measure-
ment locations on the rib.  Only the thoracic and
abdominal ribs with the highest deflection are shown.
While some of the ribs in Tests A and C showed
anterior-to-posterior oblique loading initially, the
overall peak displacements were oblique from the
posterior-to-anterior direction.  Among the three
measurement locations on each rib, peak three-
dimensional deflections were always recorded at the
posterior or middle locations (Table 5). But peak
lateral displacements were recorded at each of the
three locations, and often at a different location than
the peak three-dimensional deflection on the same
rib.

Figure 8. Injury risks predicted by the WorldSID ATD
in each test. The background bars show the risk for a
75-year-old. The thicker foreground bars show the
risk for a 45-year-old. (Head injury risks are based on
the Hybrid III injury curve and are not adjusted for
age.)

DISCUSSION

Reconstruction vs. Current SICE Configuration
The reconstruction of the NASS-CDS case produced
generally similar damage patterns to the struck Fit.
The measured crush for the striking Camry was less
than that measured in the real-world crash, likely due
to the required constraint on the test speed. In the
real-world crash, the driver sustained fatal thoracic
injuries, and in the reconstruction test the thoracic
deflections measured with the ATD correlated to a 62
percent risk of AIS≥3 injury. In addition, an elevated
shoulder force suggests the possibility of other load
paths that may have contributed to the injuries
observed in the crash.

Despite the general agreement between the
outcomes in the NASS-CDS case and the test, there
were no unique crashworthiness deficiencies
identified in the reconstruction test. With the
exception of the shoulder, injury metrics to all body
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Figures 9-11. Displacement of RibEye LEDs in the rib
X-Y plane for the shoulder, thoracic, and abdominal
ribs, respectively. Only the thoracic and abdominal
ribs with the greatest calculated deflection in each
test are displayed. Figure 5 illustrates the coordinate
system used.

regions were lower in this configuration than in the
standard SICE configuration for the older Fit design
(Tests A and B). The main difference between the two
crash modes was the longer crash pulse in the
reconstruction test and the later peak loading times.
Because the airbag deployed at a similar time, it may
have had reduced capacity for energy absorption by
the time of peak loading.

Furthermore, the forward impact location did not
produce a reversal in the predominant direction of
the obliquity of rib loading.  While there was some
movement in the anterior-to-posterior direction early
in the crash, the direction had reversed by the time of
intrusion and peak deflection. This may at least
partially be due to the design of the WorldSID ATD
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ribs. Yoganandan et al. observed displacements in the
posterior-to-anterior direction during pure lateral
load wall tests of the ATD, but they did see movement
in the opposite direction during anterior oblique wall
tests [4]. In the current study, video from Test A also
suggested that the ATD rotated around the pre-
tensioned seat belt and it is possible that this could
produce twisting of the ATD spine about its vertical
axis. If the ribs were partially constrained by loading
from the airbag and door, such spinal rotation would
be equivalent to moving the RibEye LEDs anteriorly
relative to the RibEye sensors. Regardless of the
explanation, the ATD was not able to identify a
potential injury mechanism unique to this alternative
crash configuration.

A comparison of the reconstruction and SICE tests for
the new Fit design (Tests C and D) yields similar
conclusions.  With the exception of the pubic force,
injury measures in the SICE configuration were
greater than those in the more forward impact.  In the
forward impact, the thoracic and abdominal rib
deflections lacked even the initial indication of
anterior oblique loading that was visible in the test
with the old Fit.

New Fit vs. Old Fit
While the 2007 Fit in the NASS-CDS case was a good-
rated design, the paired tests of this design and the
2015-17 design illustrate how crashworthiness
improvements have continued beyond the level
required to obtain a good rating.  This suggests that if
there were sufficient cases to replicate the NASS-
CDS/CIREN study [3] with only the newest vehicle
designs, the relevance of specific changes to the SICE
test would differ.  Specifically, the injury risks that
may have been relevant to the occupant in the
replicated NASS-CDS case were much lower in the
new Fit design, with the risk for a 75-year-old falling
from 62 to 5 percent for an AIS3+ thoracic injury and
from 68 to 14 percent for an AIS2+ shoulder injury.
While limited to a single vehicle design, if this trend
held for the rest of the fleet, it is likely that occupants
continuing to sustain serious injuries in newer
vehicles would be involved in proportionally fewer
crashes with forward impact locations and more

higher severity impacts to the occupant
compartment.

Potential SICE Changes
As stated above, the test results for these two vehicle
designs do not indicate potential value for a
crashworthiness evaluation in the more forward
impact at 80 km/h.  In fact, justifying such an
evaluation would have required injury risks that were
substantially greater than those observed in the
current SICE configuration. This is because there is no
indication in the field data that side impacts are more
frequently centered forward of the occupant
compartment than near the B-pillar.  Therefore, a test
with an increased speed is most likely to drive
meaningful improvements at whatever location
currently produces the highest injury risk.  Without
exception, the 60 km/h impact of the new Fit at the
current SICE configuration produced greater injury
measures than the 80 km/h more forward impact
(Tests E and C).

The 60 km/h impact speed in Test E represents a 44
percent increase in impact energy over the SICE test.
The published risk curves for a 45-year-old indicated
that the increased speed results in a 90 percent
greater risk of AIS2+ shoulder injury and a 55 percent
greater risk of AIS3+ thoracic injury.   Injury risk to the
head, abdomen, and pelvis increased by 6 percent or
less. Maximum intrusion at the B-pillar increased
from 16.9 cm to 23.1 cm. However, this was still less
than the intrusion in the 50 km/h SICE test of the
older Fit model, and when compared to the precrash
centerline of the seat only would have been 1 cm
away from a good structural rating. This suggests that
a 60 km/h SICE test would encourage more changes
to vehicle restraint systems than to structure.  While
restraint changes may benefit occupants in higher
severity crashes, they have a greater potential to
induce injuries in lower severity side impacts.  Any
potential tradeoff would need to be evaluated prior
to introducing a higher severity test.

The most suitable impact speed for a higher severity
test also would require further study.  In the NASS-
CDS/CIREN study, the maximum crush of the
occupant compartment in each real-world case was
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compared to the maximum produced in the SICE test
of the same vehicle. The cases with greater crush
were categorized as being more severe than the test.
For cases in this category, the median crush was 56
cm compared with a median of 31 cm in SICE tests of
good-rated vehicles [3].  On its own, this would
suggest that the 60 km/h test speed used in the
current study is still too low to match the majority of
real-world crashes producing serious injury.
However, the median crush values are another metric
that likely would change if the real-world study could
be replicated with only the newest generation of
vehicles. A different severity metric, such as door
intrusion velocity, may be a better predictor of injury,
but establishing a real-world baseline would require a
large number of case reconstructions through
simulated or physical testing.

CONCLUSIONS

Side impact crashworthiness, as measured in the IIHS
SICE test, continues to improve beyond the level
required for a good rating.  While real-world crashes
of different configurations can produce serious injury
in good-rated vehicles, the tests conducted for the
current study have not demonstrated that a test with
a more forward impact configuration would identify
unique injury risks.  Increasing the impact speed of
the current test is more likely to drive continued
crashworthiness improvements that are relevant in
real-world crashes.  However, potential tradeoffs of
more aggressive or complex restraint systems would
need to be evaluated to minimize any disbenefit in
low and moderate severity side impacts.
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ABSTRACT 
This study summarizes a joint research project aiming to further enhance the safety of booster-seated children (aged 
4-12) in the rear seat of passenger cars. The focus is real-world aspects of child safety, comprising the whole 
context of the vehicle and child restraints, and a variety of crash situations, including pre-crash events.  

Real children sit in a variety of sitting postures in cars. On-road driving studies show that children take different 
postures due to comfort, visibility or activities. The results from three studies 18 children in a variety of restraints, 
showed that for only a portion of the time, they are sitting upright with contact to the seatback, i.e. similar to the 
standardized crash test dummy position. When using a booster with protruding head side supports the children sit 
forward leaning more than without, and in a large share of the time, the head is in front of the head side supports.  

Approximately 40% of the crashes are preceded by evasive maneuvers. When exposing child volunteers to evasive 
braking they will move forward by up to 0.2m, when shoulder belt remains over the shoulder. Thirty four child 
volunteers were exposed to evasive braking and steering events, using different types of boosters. Depending of the 
size of the child and the booster used, they might slide out of the shoulder belt in steering events. In addition, 
existing child crash test dummies were tested and compared to the volunteer data. The volunteer data was also used 
to validate an active child Human Body Model, as a first step to develop a tool that can be used for evasive 
maneuvers.  

The booster is essential for the child enabling good interaction to the seatbelt. In addition, the vehicle protection 
systems play an important role for the child protection. Hence, for enhancing real-world safety it is essential to 
replicate in-vehicle situations. Unfortunately, this is not how child restraints are certified today. This study shows 
that child crash test dummies benefit from side airbags and advanced seatbelt technologies, and are responsive to 
changes in sitting postures and crash modes. In addition to the in-crash protective systems evaluated in this study, 
pioneering maneuver and run-off-road tests with crash test dummies were run to evaluate the effect of an electrical 
reversible seatbelt retractor (pre-pretensioner) to help keep the occupant in the belt during such an event.  

International multidisciplinary workshops were held and concluded that future advancements need to be data driven 
and incorporate multiple disciplines. Engineering advancements should strive towards less complex solutions and 
the shared responsibility between the child restraint and the vehicle was highlighted.  

The results from this project contribute to identification and quantification of important real-world needs, as well as 
evaluation and development of countermeasures. It is concluded, that from a real-world perspective, the vehicle and 
child restraint should be designed together targeting a range of acceptable common user positions; sitting postures 
preferably guided by comfort and positive means. Such designs will ensure robust function of the protection 
systems for these young occupants, and advance the development of countermeasures that protect children in real-
world crashes, also including dynamic events prior to a crash.  
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INTRODUCTION 

Every day, more than 1,000 children and young 
people under the age of 25 years are killed in road 
traffic crashes accounting for over 30 percent of 
those killed and injured in road traffic crashes 
worldwide (WHO, 2007). Furthermore, in addition to 
the fatalities there are millions of injured children 
(WHO 2008b). The distribution of road deaths by 
mode of road user varies in different parts of the 
world. In Europe for example, where child restraint 
systems are mandatory and restraint usage is 
relatively high, 32 percent of child traffic fatalities 
(0-14y) involve children as passengers in cars (WHO, 
2008a).  

Child restraint systems (CRS) are effective in 
reducing fatalities and severe injuries among child 
passengers. For the smallest children, the safest 
restraint for optimal protection is rearward facing. 
Swedish and US data shows that children in rear 
facing restraints are better protected both in frontal 
and side impacts (Tingvall 1987, Carlsson et al. 1991, 
Kamrén et al. 1993, Stalnaker 1993, Tarrière 1995, 
Jakobsson et al. 2005, Henary et al. 2007). Rearward 
facing seats are used around the world for infants and 
are recommended in Sweden up to the age of 4-5 
years. 

When the child has reached 4 years of age and is 
sitting forward facing in the car, there are still 
differences in biomechanics compared to adults. The 
iliac spines of the pelvis, which are important for 
good lap belt positioning and for reducing risk of belt 
load into the abdomen, are not well developed until 
about 10 years of age (Burdi et al. 1968). The 
development of iliac spines, together with the fact 
that the upper part of the pelvis of the sitting child is 
lower than of an adult, are realities that must be taken 
into consideration, in order to give a child the same 
amount of protection as an adult. 

Belt-positioning booster cushions were introduced in 
the late 1970s (Norin et al. 1979). The booster 
elevates the child and positions the lap part of the 
vehicle seatbelt over the thighs, which reduces the 
risk of the abdomen interacting with the belt. The 
booster also encourages the children to sit 
comfortably with their legs, helping to avoid 
slouching and increasing the likelihood of good 
seatbelt geometry (DeSantis Klinich et al. 1994). 
Other advantages of boosters are that the child, by 
sitting higher, will have the shoulder part of the 
seatbelt more comfortably positioned over the 
shoulder and will also have a better view.  

Today, an increasing number of boosters have 
backrests (so called booster seats or highback 

boosters). The backrests were initially intended to 
provide head support in cars without head restraint, 
and to help route the diagonal part of the seatbelt 
over the child's shoulder and chest. In recent years, 
the designs of the backrests have evolved towards 
large side supports both at the height of the torso and 
the head. The child restraint manufacturers 
emphasize two reasons for this; to provide improved 
side impact protection and to provide comfort for 
children by keeping them upright when relaxed or 
asleep to help provide protection at all times 
(Bendjellal et al. 2011).  

Integrated (built-in) boosters were developed in order 
to simplify usage and to minimize misuse (Lundell et 
al. 1991). This was confirmed by Osvalder and 
Bohman (2008) providing evidence that misuse was 
almost eliminated when using these types of boosters. 
In 2007, a second generation integrated booster was 
introduced providing two levels in height, adapting to 
the growing child (Jakobsson et al. 2007).  

Belt-positioning boosters are effective tools to help 
protect children from injuries in frontal impacts as 
well as other crash directions (DeSantis Klinich et al. 
1994, Isaksson-Hellman et al. 1997, Warren Bidez 
and Syson 2001, Jakobsson et al. 2005, Arbogast et 
al. 2005 and 2009). Arbogast et al. (2009) showed 
that seatbelt syndrome related injuries to the 
abdomen and spine were nearly eliminated in crashes 
with children using boosters compared to those 
restrained by seatbelts only. Children aged 4 to 8 and 
using booster were 45% less likely to sustain injuries 
than similarly aged children who were using the 
vehicle seatbelt only. Children in side impacts 
derived the largest relative protection from boosters, 
with a reduction in risk of 68% and 82% for near-side 
and far-side crashes, respectively. No difference in 
booster seat versus booster cushions were seen. 

Several parts of the world are banning booster 
cushions, claiming lack of head protection in side 
impacts. The Australian regulation, as well as the UN 
ECE R129 type approval require protruding head side 
supports to pass the side-impact rig-test method – a 
method that does not include real-world vehicle 
protection characteristics. Recently, an amendment to 
UN ECE R44 was added requiring all newly 
approved booster cushions (without backrest) to be 
forbidden for children below 125cm in stature.  

Over the years, an increase of booster usage is seen 
globally. In Sweden, the main increase in child 
restraint usage (including boosters) occurred during 
the 1980s, and was a result of increasing child 
restraint availability, introduction of rear seatbelt 
laws, and intense and unanimous public education 
and communication activities. (Jakobsson et al. 
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2005). In 2007, a child restraint usage law requiring 
all children of stature up to 135cm in Sweden to use 
an appropriate child restraint system came into effect.  

The children in the rear seat also benefit from seatbelt 
technologies such as pretensioner and load limiters. 
Sled tests using a HybridIII (HIII) 6y crash test 
dummy showed that retractors with belt load limiting 
and pretensioning resulted in reduced head, neck and 
chest loading as well as decreases in forward 
displacement (Bohman et al. 2006, Forman et al. 
2009). The results emphasized the need to adapt the 
load limiting level to the size of the occupant. 

Improving safety for rear seat occupants requires 
enhanced knowledge in several areas involving 
multiple disciplines. This joint research project aims 
to further enhance the safety of booster-seated 
children (aged 4-12) in the rear seat with special 
focus on real-world aspects of child safety, providing 
state-of-art knowledge and helping set the agenda for 
future research and development.  

 

METHODS 

The project is a broad comprehensive research effort 
that combines expertise from industry and academia. 
The project started in 2009 and has involved research 
by three PhD students and additional senior 
researchers. The work performed up to 2011 was 
presented in Jakobsson et al. (2011a).  

Using various methodologies of applied research, this 
project aims to further enhance the safety of booster-
seated children in the rear seat by identifying the real-
world needs, also taking restraint interaction and 
attitude aspects into account. The purpose is to 
establish guidelines for evaluation methods and 
protection principles, and to provide state-of-art 
knowledge and contribute to setting future research 
and development needs. The methodologies used, 
include real-world crash data analysis and driving 
studies with children in addition to testing and 
simulations, evaluation and development of tools, 
and international coordination of knowledge 
around these topics. 

Real-World Crash Data  
Real-world crash data was analyzed to provide 
insight into areas of importance for child occupant 
protection. Studies in the project include 
investigations of potential head injury mechanisms 
for restrained forward facing children in the rear seat 
(Bohman et al. 2011a) and investigations of injured 
children in side impacts (Bohman et al. 2009, 
Andersson et al. 2011). These studies are summarized 
in Jakobsson et al. (2011a). More recently, the project 

has performed four real-world crash data studies, 
addressing different topics which all provide input to 
enhance the safety of children in cars.   

Child occupant fatalities in Sweden   Child car 
occupant fatalities in Sweden were summarized 
over a time period of 55 years (Carlsson et al. 
2013). Four different data sources were used, 
enabling inclusion of all crash‐related fatalities 
among 0–14 year old car occupants during 1956–
2011. The data was summarized to study the 
development of child safety over the years. Based 
on in-depth data from 1992-2011, the 
characteristics of the crash and the injuries were 
investigated, including crash direction, restraint 
use, crash opponent and injured body region.  

Long-term consequences   Insurance data was 
used to study injuries with long-term consequences 
to children aged 0-12. Data included reported car 
crashes from 1998 to 2010 with at least one injured 
child. 2619 injured children with 3704 reported 
medical diagnoses were included. If the child had 
not recovered within one year after the injury, 
medical specialists made an assessment of the degree 
of permanent medical impairment (PMI) (Bohman et 
al. 2014). 

Pre-crash maneuver occurrence   Pre-crash 
maneuvers and some causation factors of serious 
motor vehicle crashes involving child passengers 
were quantified by Stockman (2016). The National 
Motor Vehicle Crash Causation Survey (NMVCCS) 
conducted by the National Highway Traffic Safety 
Administration (NHTSA) between July 2005 and 
December 2007 was used. NMVCCS identified pre-
crash factors via investigation of vehicles and crash 
scenes, and structured on-scene interviews with crash 
participants. The critical reason for each crash was 
assigned to a single driver, vehicle or environmental 
factor. The selected sub-samples for the study by 
Stockman (2016), included 841 (weighted 308,743) 
drivers with at least one child passenger, and as a 
point of reference; 5,661 (weighted 2,209,082) single 
drivers, and 1,544 (weighted 537,787) drivers with 
only passengers older than 14.  

Restraint usage in Sweden   Using Volvo Cars 
Accident database on crashes with Volvo cars in 
Sweden, information on restraint usage for 4-10 year 
old children was analyzed (Jakobsson and Lindman, 
2015). The years 2000–2013 were selected enabling 
comparison before and after the introduction of the 
restraint usage law in 2007 for children up to 135cm.  

Driving Studies with Children 
As an important input to understand child occupant 
protection, studies with children riding in actual 
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vehicles were performed. Specifically, the sitting 
postures, kinematics and behavior of children were 
monitored while riding in the rear seat, both in a 
naturalistic driving study and rigged studies on 
roads and on a test track with extensive braking and 
turning maneuvers.  

Naturalistic driving study (NDS)  In a joint project 
together with Monash University a NDS was 
conducted (Charlton et al. 2013). The study included 
42 families and 81 child passengers aged 1-8. Each 
family drove the test vehicle for 2 weeks. Video 
recordings were made on the rear seat occupants, the 
driver and the surrounding traffic. For a subset of 18 
families with 35 child passengers, a Kinect camera 
captured motion data from which head position 
coordinates were derived (Arbogast et al. 2016). 

On-road driving studies   Sitting posture and 
behavior of 18 children were monitored with video 
recordings while riding in the rear seat using different 
types of child restraints. Three different studies have 
been performed within the project with the overall 
aim to increase the understanding of the natural 
behavior of children during a car ride. Specifically, 
the aim was to identify the preferred sitting postures 
and the seatbelt positions relative to the torso using a 
selection of different types of restraints, as shown in 
Figure 1.  

 

 

 

Figure 1. Child restraints used in the on-road 
driving studies. Top row; the two booster seats 
used in Andersson et al. (2010). Middle row: 
the booster cushion used in Jakobsson et al. 
(2011b). Bottom row; the IBC and the booster 
seat used in Osvalder et al. (2013). 

A first study was conducted to investigate the effect 
of booster seat backrest designs on the choice of 
children’s sitting postures (Andersson et al. 2010). 
Six children (3-6 years old, 90-125cm) were 

monitored when taken for a ride on a pre-determined 
trip for 40-50 minutes for each booster seat type; one 
with smaller head side supports (10.5cm) and no 
torso side supports, and the other with larger head 
(20cm) and torso side supports, see Figure 1. 

A second driving study was performed to identify the 
preferred sitting posture and the seatbelt positions 
relative to the torso of children (8-13years old, 135-
150cm) when restrained with and without a booster 
cushion (Jakobsson et al. 2011b, Figure 1). Six 
children were monitored when traveling about 40 
minutes in each of the two different restraints.  

The third study included six children (7-9 years old, 
130-145cm), who travelled one hour on an integrated 
booster cushion (IBC) and one hour on a booster seat 
(Osvalder et al. 2013, Figure 1).  

For all the studies, the children’s different sitting 
postures were defined according to a classification 
system based on the position of the head and torso in 
the sagittal and lateral directions. The duration of 
each sitting posture that each child assumed for one 
second or longer was quantified, and their activities 
were documented. In addition, in the second and third 
study, the shoulder belt position relative to the torso 
was categorized and the duration the shoulder belt 
remained in each position was quantified. In the third 
study, subjective data regarding discomfort and 
attitudes was also collected from questionnaires and 
interviews. 

Maneuver studies   Kinematics and seatbelt position 
during evasive braking events and steering 
maneuvers were quantified for 34 children (Bohman 
et al. 2011b, Stockman et al. 2013a, Baker et al. 
2017a and 2017b). Using the same passenger car 
(Volvo XC70, MY 2010), two studies comprising 
different types of restraint systems were performed. 
The studies were conducted on a closed-circuit test 
track. The child was restrained in the right rear seat. 
While traveling at a velocity of 70 km/h, the 
professional driver applied full braking or quickly 
turned the vehicle 90 degrees to the right, exposing 
the child to a forward or inboard motion, 
respectively. 

In the first study, 16 children aged 4-12 years old 
were included (Bohman et al. 2011b, Stockman et al. 
2013a). The restraint of the children varied according 
to their stature, each child tested two types of 
restraints in both braking and steering events. 
Children of 105-125 cm stature were using booster 
seat or booster cushion. Children of 135-150cm were 
using the booster cushion or seatbelt only.  

The second study comprised 18 children aged 5-10 
(Baker et al. 2017a and 2017b). The children were 
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restrained using two different boosters; the booster 
cushion as in the prior study, and the vehicle’s 
integrated booster cushion. All children were exposed 
to both braking and steering events using each 
restraint. 

For the two studies, the children were monitored by 
video cameras, enabling quantification of the sagittal 
and lateral child kinematic response as well as 
quantification of the shoulder belt position 
throughout the event.  

Testing and Simulations  
With the aim of evaluating different restraint 
properties, protection principles, and capabilities of 
existing test tools; physical crash testing and virtual 
crash simulations and low-severity / maneuver tests 
were conducted and analyzed. In addition, a first step 
development of an active child Human Body Model 
(HBM) was conducted.  

Crash testing and simulations   A number of frontal 
and side impact tests were performed with different 
sizes of child crash test dummies in the project and 
presented previously in Jakobsson et al. (2011a). In 
addition, a side impact parameter study using virtual 
crash simulations for two sizes of occupants was 
presented in Jakobsson et al. (2011a) and Andersson 
et al. (2012). The side impact parameter study was 
followed by a simulation study using the SIDIIs on 
the struck side in the same passenger car model, 
including head and thorax–pelvis air bags (Andersson 
et al. 2013). The vehicle model was impacted 
laterally by a barrier in two different load cases. The 
crash test dummy was chosen to be representative of 
a young adolescent and positioned in six different 
sitting position representing common sitting positions 
for awake and asleep children.  

More recently, a number of crash tests were run with 
the Q10, investigating its capabilities as well as 
evaluating the performance of restraint properties. 
Seven frontal sled tests simulating the EuroNCAP 
ODB 64 km/h (full frontal mounted mid-sized car 
body) and seven side impact tests simulating 
EuroNCAP AE-MDB tests (small vehicle, intruding 
door velocity of 7.5m/s), were performed (Bohman 
and Sunnevang, 2012). The Q10 was tested using a 
booster seat and booster cushion, respectively. In the 
frontal impact tests, the effect of seatbelt 
pretensioner, load limiter and various belt 
geometries, were evaluated. In the side impact tests, 
the effect of the thorax side airbag and the inflatable 
curtain was evaluated (Bohman and Sunnevang, 
2012).  

To investigate the influence on occupant excursion of 
a far-side positioned Q6, a sled test series were run 

simulating the EuroNCAP AE-MDB side impact test 
of a Volvo car. In four tests, the Q6 was restrained 
using an IBC (upper stage), with and without 
activation of the seatbelt pretensioner (two tests of 
each). In two additional tests, the Q6 was restrained 
using a booster seat (Britax Kidfix XP) with and 
without fixation (ISOFIT) to the ISOFIX anchorages.  

Low-severity / maneuver tests   Non-injurious 
frontal impact tests were performed comparing the 
shoulder belt and torso interaction of the Q10 to the 
behavior of the HybridIII (HIII) 10y and three child 
volunteers (Arbogast et al. 2013a). The test set-up 
included a seat with a three point belt on a low 
acceleration sled.  

With the purpose of evaluating the capability of the 
crash test dummies to replicate kinematics and 
restraint interaction of real children in evasive 
steering and braking events, crash test dummies were 
exposed to the same maneuvers as the children in the 
maneuver studies (Stockman 2012, Stockman et al. 
2013a and 2013b). The Q6, Q10, HIII 6y, and 10y 
were exposed to two braking events and two steering 
events using the same restraints as the children of 
their size. The Q6 and HIII 6y were compared to the 
kinematic response of children of stature 105–125 
cm. The Q10 and HIII 10y were compared to 
children of stature 135-150cm. In addition, the Q3 
and HIII 3y were exposed to two braking events and 
compared to the kinematic response of the shorter 
child volunteers (105–125 cm).  

To evaluate potential countermeasures, steering 
maneuvers and run-off road events were run with Q6 
and Q10 (both using IBC), and the HIII 5th female 
(restrained by a seat belt only), to compare the effect 
of activation of an electrical reversible seatbelt 
retractor (pre-pretensioner) (Bohman et al. 2016, 
Stockman et al. 2017). In the study by Bohman et al. 
(2016), the crash test dummies seated on the outboard 
rear seat position were exposed to an evasive steering 
maneuver when driving in 40km/h causing an 
inboard movement of the crash test dummy. In 
Stockman et al. (2017), two different types of run-off 
road events were simulated using a rig test with a 
vehicle rear seat mounted on a multi-axial robot 
simulating a road departure event into a side-ditch, 
and an in-vehicle test setup with a Volvo XC60 
entering a side-ditch with a grass slope, driving inside 
the ditch, and returning back to the road from the 
ditch. The crash test dummies were positioned in the 
outboard rear seat position. In both studies, tests were 
run with different levels of pre-pretensioner forces in 
addition to reference tests with the pre-pretensioner 
inactivated. Kinematics and shoulder belt position 
were analyzed. 
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Development of tools   Brolin et al. (2015) 
implemented postural control in the MADYMO 
human facet occupant model of a 6‐year‐old child 
(Cappon et al. 2007) using feedback controlled 
torque actuators. Control parameters were tuned and 
the active HBM was compared to the experimental 
data from braking and steering events with child 
volunteers. In addition, a small parameter study was 
run to study the influence on occupant response by 
the shape of the acceleration pulse in steering events. 

International Coordination of Knowledge 
International multidisciplinary workshops were held 
to identify high-priority research topics and 
strategizes toward their implementation. The 
workshops started in 2009 and have been held every 
second year in September, hosted by the project team 
at SAFER. The participants of the workshops were 
worldwide leaders in the fields of child occupant 
protection, biomechanics and auto safety. The first 
day of the two-day workshop included presentation 
of relevant topics with the focus on ‘pressing issues 
in child and adolescent occupant protection’ and 
reviewed progress of research priorities identified 
during previous workshops. Based on this, high 
priority areas were defined, which were discussed 
during the second day. An important part was to 
summarize and present the workshop discussions at 
the International Conference Protection of Children 
in Cars in Munich, enabling a wider dissemination 
and contributing to setting the agenda of future 
research and development. (Arbogast et al. 2011, 
2013b and 2015). 

 

RESULTS 

The combination of methods provide real-world 
knowledge on child occupant safety in the rear seat, 
including input from real-world crashes, child 
postures and behavior in cars and insight into child 
kinematics in crashes and during potential pre-crash 
events. Efforts of evaluation and development of 
tools to simulate realistic child occupant situations 
are taken, which are essential steps to make possible 
evaluation and further development of protection 
principles for the booster seated children in the rear 
seat of passenger cars. Selected results from the 
different studies are summarized.  

Real-World Crash Data Analysis 
Child occupant fatalities in Sweden   With the 
exception of initial increase during the first 10 years 
(mid 1950s to mid 1960s), crash‐related fatalities 
among 0–14 years old car occupants have been 
declining ever since (Carlsson et al. 2013). Compared 

to the highest numbers of fatalities occurring in 
1960s–70s, a drop of 83% was seen to 2010 with 
similar trend irrespective of the age of the child. This 
is a higher percentage decrease than the 
corresponding figure of 78% for the whole 
population, irrespective of age. In total, 24% of the 
fatally injured children were unrestrained and the 
majority of those were ejected from the vehicle. 
Among the restrained children, 56% were considered 
to be appropriately restrained for their age according 
to Swedish recommendations. Crash severity, 
complex crash situation, fire and drowning were 
factors that contributed to the fatal outcome, even 
though the restraint usage was considered to be 
optimal. The head was the primary injured body 
region. 

Long-term consequences   Among the injured 
children, 2% sustained an injury resulting in 
permanent medical impairment (PMI), of which 75 
percent were at AIS 1 or AIS 2 level (Bohman et al. 
2014). 68% of all injuries resulting in PMI were AIS 
1 injuries to the cervical spine, with the majority 
occurring in frontal or rear-end impacts. The older 
children (≥6 years) had a significantly higher risk 
(3% versus 1%) to sustain a PMI injury to the 
cervical spine than the younger children. The head 
was the second most commonly injured body region 
for injuries resulting in PMI, which were 
predominantly of AIS≥2. In addition, mild traumatic 
brain injuries at AIS 1 were found to lead to PMI.  

Pre-crash maneuver occurrence   Of all drivers in 
the selected sample, 40% made an avoidance 
maneuver prior to crash (Stockman 2016). The most 
common avoidance maneuver was braking only, 
followed by a combination of braking and steering, 
and steering only. In all three sub-samples, driver 
error was the single most important critical reason for 
the event immediately preceding the crash. Of the 
driver errors, inadequate surveillance was the most 
common error in all groups followed by internal 
distraction. While passengers were the most common 
reason for internal distraction for drivers with child 
passengers and drivers with only passengers older 
than 14 sub-samples, single drivers were assigned 
internal distraction error, mainly due to focusing on 
other internal objects, retrieving objects from the 
floor or seat, or adjusting the radio. 

Restraint usage in Sweden   Jakobsson and 
Lindman (2015) summarized data from Volvo cars in 
Sweden showing that the restraint usage rate among 
4-10 year old passengers (up to 135cm) increased 
from 63% on average during the six years before the 
law, to 79% on average for the six years after (2007-
2013). The remaining 21% were using the seatbelt 
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only, although they were both required by law to use 
a booster as well as needed it for their best protection. 

Driving Studies 
It is obvious that children do not always sit as crash 
test dummies, which are ideally positioned according 
to seating protocols prior the crash tests. The 
children’s sitting postures and positions are 
influenced by comfort and activities (voluntary) as 
well as vehicle dynamics (involuntary), such as 
evasive maneuvers.  

Naturalistic driving study (NDS)   In the joint 
project with Monash University (Charlton et al. 
2013), the ranges of head positions for child car 
passengers were quantified for the first time in a 
naturalistic setting. Head positions were analyzed for 
the subset of 35 children with available Kinect data 
(Arbogast et al. 2016). The average range of fore-aft 
head position changed with restraint type; increasing 
from forward facing child seats (218mm), to booster 
seat (244cm), to seatbelt only (340 mm). In general, 
those in the center seat position demonstrated a 
relatively smaller range of head positions. A shift of 
head position inboards the vehicle was seen, mainly 
due to interaction with other occupants and to view 
out through the front window. 

On-road driving studies   In the first on-road 
driving study (Andersson et al. 2010), the booster 
seat equipped with large head side supports more 
often resulted in a sitting posture without the head 
and shoulder being in contact with the booster’s 
backrest, and consequently the head being further 
away from the seat backrest. This was probably due 
to decreased visibility as a result of the large side 
supports. Shoulder-to-booster backrest contact was 
noted during an average of 45 percent of the journey 
time in the seat equipped with the large head side 
supports, compared to 75 percent in the seat equipped 
with the small head side supports.  

 

Figure 2. The distribution of shoulder belt 
position durations, shown as a percentage of the 
total ride duration. The averages (incl. standard 
deviations) of all children are presented by 
restraint type. (Jakobsson et al. 2011b). 

In the second study (Jakobsson et al. 2011b), the 
shoulder belt was placed on the mid shoulder for a 
substantially longer part of the time when seated on 
the booster cushion, compared to using the seatbelt 
only, see Figure 2. Furthermore, all children were 
positioned in a more upright lateral posture for a 
greater extent of time, when using the booster 
cushion. When using the seatbelt only, the children 
changed body posture more frequently, and some 
children compensated for discomfort by rotating their 
upper body away from the shoulder belt. 

 
Figure 3. a) An example of sleeping posture, b) a 
forward leaning and slightly rotated posture 
while playing, c) Indication of some discomfort 
(Osvalder et al. 2013). 

In the third study (Osvalder et al. 2013), the most 
frequent sitting posture when using the integrated 
booster was with the entire back and shoulders 
against the seat backrest and the head upright. When 
seated on the booster seat, the shoulders were seldom 
against the backrest. The most frequent lateral 
posture for both boosters was upright with the 
seatbelt in contact with the neck or mid‐shoulder. 
Moderate and extreme forward and lateral postures 
occurred occasionally. The sitting postures and 
seatbelt positions were influenced by the children’s 
activities and perceived discomfort during the ride. 
Some examples are shown in Figure 3.  

Maneuver studies   The kinematic responses and 
seatbelt interaction of the child volunteers were 
influenced by the size of the child and the restraint 
system used. 

During the braking events, shorter children moved 
forward and downward with a greater flexion motion 
of the head compared to the taller children who had a 
more upright forward motion (Stockman et al. 2013a, 
Baker et al. 2017a). The children moved forward by 
up to 0.2m, when the shoulder belt remained over the 
shoulder. A schematic plot, representing the 
trajectories or the child volunteers in Stockman et al. 
(2013a), is shown in Figure 4. The backrest of the 
booster seat affected the initial position of the child 
relative to the vehicle and thus resulted in a more 
forward position at maximum displacement. For all 
the children, the maximum forward head position 
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was forward the position of the booster seat's side 
supports. 

 

Figure 4. Schematic plot representing 
trajectories for forehead targets for child 
volunteers (Stockman et al. 2013a). 

In the first test series with steering maneuvers 
(Bohman et al. 2011b), the seatbelt slipped off the 
shoulder in 20% of the maneuvers, varying by age of 
the child and the restraint system used. Among the 
shorter children, shoulder belt slip-off occurred in 
almost 67% of the trials when using a booster 
cushion while for taller children belt slip-off did not 
occur, irrespective of restraint type use.  

In the second maneuver study (Baker et al. 2017b), 
initial seatbelt position on the shoulder and torso 
differed depending on booster and child size, which 
influenced how children engaged with the seatbelt 
during the steering. When more of the seatbelt was 
initially in contact with the torso, children tended to 
engage the seatbelt more, causing the belt path to 
become more curved; they moved with the shoulder 
belt and tended to have less inboard head 
displacement and less outboard motion of the seatbelt 
on the shoulder.  

Evaluation and Development of Tools 
The tests performed provide important insight into 
some limitations of the existing tools, and set the 
boundary for their use. Although existing crash test 
dummies were found feasible to use as loading 
devices during evasive maneuvers while in the 
restraints, developments of child occupant tools 
capable of simulating events when muscle activation 
influences the kinematics are needed. Development 
of an active child Human Body Model was made and 
showed potential as a first step approach.  

Crash testing and simulations    In frontal impacts, 
the Q10 was shown sensitive to belt pretensioning, 
with activation of the pretensioner reducing 
acceleration to the head, thorax and pelvis by 13-
27%, but having a marginal effect on chest deflection 
(Bohman and Sunnevång, 2012). The Q10 was also 

shown sensitive to the combination of load limiter 
and pretensioner, further reducing head and thorax 
acceleration. Compared to a standard seatbelt, neck 
tension was reduced by half and chest deflection was 
reduced up to 37%. Among the parameters evaluated, 
the Q10 was most sensitive to shoulder belt 
geometry. Depending on starting position, various 
shoulder belt slippage occured. As a consequence of 
shoulder belt slippage, large effects on chest 
deflection were found. With the shoulder belt starting 
at a mid-shoulder position, it travelled towards the 
neck during the crash, resulting in low chest 
deflection. However, if the shoulder belt’s starting 
position was 20mm further out on the shoulder from 
a mid-shoulder position, the chest deflection response 
increased by 50% compared to the mid-shoulder 
routing. 

In the side impact sled tests, it was found that the 
Q10 was sensitive to the thorax side airbag, showing 
a reduction between 50-65% for chest deflection and 
17-25% for pubic loading (Bohman and Sunnevång, 
2012). Using the booster seat in combination with no 
thorax side airbag, chest injury risk reduction was not 
seen, although pubic loads were reduced by 18%.  

Low-severity / maneuver tests   In the non-injurious 
sled tests, it was found that for the two crash test 
dummies (Q10 and HIII 10y) and the child 
volunteers, the shoulder belt moved toward the neck 
during the loading (Arbogast et al. 2013a). The 
magnitude, as well as the rate of the shoulder belt 
movement, was greatest for the Q10. This may result 
in an underestimation of chest deflection when using 
Q10, due to off-loading the chest deflection sensor. 
Further studies with other belt geometries and crash 
modes should be explored to confirm these findings.  

The comparison of crash test dummies to the child 
volunteers in the evasive steering and braking events, 
showed that the crash test dummies can be used in 
some load cases when the test setup, the time 
duration, and the focus of comparison with child 
occupants lies within their capacity (Stockman 2012 
and 2016, Stockman et al. 2013a and 2013b). The 
capacity of the crash test dummies to replicate the 
kinematic responses of child occupants is limited due 
to the crash test dummies being too stiff and due to 
their obvious lack of muscle response, as illustrated 
in Figure 5. It was found that they can be used as a 
loading device for the seatbelt and booster, when the 
shoulder belt is on the shoulder. However, they are 
limited when out of the protective zone offered by the 
restraint. The crash test dummies were found not 
suitable for determining realistic child responses nor 
to determine the location of the head.  
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Figure 5. Maximum forward displacement of 
child volunteers (top), Q6 (bottom left) and 
HIII 10y (bottom right) kinematics in evasive 
braking maneuver of 1g.  

 

Development of tools   The active child HBM, 
developed based on the MADYMO human facet 
occupant model of a 6 year old child showed 
potential to study the protective properties of restraint 
systems in pre‐crash scenarios (Brolin et al. 2015). 
The head and sternum displacements of the active 
child HBM were within one standard deviation of the 
experimental data, while the original HBM showed 
limited ability to capture the volunteer kinematics. 
Figure 6 shows the active child HBM compared to 
volunteers at start and at maximum head 
displacement for a 1g braking event (Stockman et al 
2013a), a 0.8g steering event (Bohman et al. 2011b), 
and a 0.6g steering event (Baker et al. 2017b). The 
parameter study on steering event characteristics 
illustrated that the shape of the acceleration pulse 
highly influences the peak head displacement of child 
occupants.  

 

Figure 6. The active child HBM compared to 
volunteers at start and at maximum head 
displacement for a braking event (top row), a 0.8g 
steering event (middle row), and a 0.6g steering 
event (bottom row). 

Evaluation of countermeasures 
It is clear that methods beyond existing regulatory 
and consumer information tests provide additional 
information needed to evaluate countermeasures 
addressing real-world needs. Varying sitting postures 
and positions in crash testing (or simulations) as well 
as including complex events will help guide 
development of protection principles. 

Crash testing and simulations   The side impact 
simulation parametric study presented by Andersson 
et al. (2012) concluded that the head and thorax-
pelvis airbags have the potential to reduce injury 
measurements for the 3 and 12 year old occupant 
sizes evaluated. The seatbelt pretensioner was also 
shown effective for the near side occupants, provided 
that the lateral translation of the torso is managed by 
other features. It was also concluded that the 
importance of lateral movement management is 
greater the smaller the occupant. 

The results from the side impact simulations with 
different sitting positions on the near-side, showed 
the importance of including real-world common 
sitting positions, beyond the nominal crash test 
dummy position, for improved and robust safety for 
child occupants (Andersson et al. 2013). The results 
differed for the different positions, with negative 
trend of protection when deviating from the nominal 
position.  

Side impact crash tests with the Q10 positioned on 
the struck side, showed that the thorax side airbag 
reduced the chest deflection by 50-65% and the pubic 
loading by 17-25% (Bohman and Sunnevång, 2012).  
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Figure 7. Maximum lateral excursion of the 
Q6 in side impact; top left: no pretensioner, 
IBC; top right: pretensioner, IBC; bottom left: 
pretensioner, booster seat without ISOFIT; 
bottom right: pretensioner, booster seat with 
ISOFIT. 

The unpublished in-house EuroNCAP side impact 
sled tests with the far-side seated Q6 showed that 
activation of a seat belt pretensioner had a substantial 
effect, reducing maximal lateral head excursion by 
230mm (Figure 7). No difference in extent of lateral 
head excursion were seen when comparing IBC and 
booster seat, irrespectively if attached to the ISOFIX 
or not. The Q6’s head reached further inboard when 
using the booster seat, due to differences in starting 
positions. 

Although it is not clear whether the Q10 seatbelt 
interaction is reflective of the real-world, the frontal 
impact crash tests by Bohman and Sunnevång (2012) 
provided insights into the overall benefits of 
pretensioner and load limiters for this size occupant, 
showing reduction to the loading of the head, neck 
and chest. 

Low-severity / maneuver tests   The effect of a 
seatbelt pre-pretensioner to help keep child sized 
crash test dummies in position in run-off road events 
and evasive steering maneuvers was shown in 
Stockman et al. (2017) and Bohman et al. (2016). 

In the study with evasive steering maneuvers, the 
shoulder belt slipped off completely with inactive 
pre-pretensioner for the Q6 and the HIII 5th female, 
and partly slipped off for the Q10 (Bohman et al. 
2016). When activating the pre-pretensioner, the 
shoulder belt stayed on the shoulder for all three 
crash test dummies and the inboard lateral excursion 
was reduced compared to no activation of the pre-
pretensioner. Figure 8 compares the maximum 

inboard position for the three tests of pre-pretensioner 
settings; inactive, low and high level force.  

Starting 
position 

Maximum inboard position 
Inactive pre-
pretensioner 

Low level pre-
pretensioner 

High level pre-
pretensioner 

    

    

    
Figure 8. Q6 (top row), Q10 (middle row) and 
HIII 5th female (bottom row) in starting position 
(left column), and maximum inboard position for 
the three pre-pretensioner settings. 

In the two simulated run-off events, the activation of 
the pre-pretensioner resulted in reduced lateral 
excursion of the crash test dummies (Stockman et al. 
2017). For all three crash test dummies (Q6, Q10 and 
HIII 5th female), the shoulder belt remained on the 
shoulder and supported the side of the lower torso 
during the events, when the pre-pretensioner was 
activated, independent of force-level. In the rig test, 
the crash test dummy was exposed to rapid inboard 
lateral loads relative to the vehicle and the 
displacement for each crash test dummy was reduced 
when the pre-pretensioner was activated compared to 
tests with standard seatbelt. Shoulder belt slip-off 
occurred for the Q6 and Q10 in tests where the pre-
pretensioner was inactivated. During the in-vehicle 
tests, the outboard rear seated crash test dummy was 
exposed to an inboard movement when entering the 
road again after driving in the ditch. The maximum 
inboard head displacement was reduced in tests 
where the pre-pretensioner was activated compared 
to tests with a standard seatbelt. 

International coordination of knowledge 
With the specific goals of the 2011 workshop to 
critically review the state of knowledge, and translate 
the ‘Decade of Action’ framework to child-specific 
priorities, high priority research topics were 
identified and strategies were defined toward their 
implementation (Arbogast et al. 2011). These 
included advancing the fundamental science of child 
occupant protection in several key disciplines and 
leveraging current knowledge to accelerate child 
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occupant protection in countries where traffic safety 
is in its infancy. It was also emphasized that the 
entire field must work together to ensure that child 
road traffic safety is prioritized in funding decisions. 

In the 2013 workshop the following eight research 
priorities were identified (Arbogast et al. 2013b): 

1. Head injury mitigation 
2. Quantify fundamental mechanics of children 
3. Develop pediatric specific biomechanical 

research tools 
4. Define realistic postures & positions of child 

occupants 
5. Establish collaboration with rapidly motorizing 

countries  
6. Conduct nationally or regionally representative 

child crash surveillance 
7. Adapt AIS scale to include cost, disability and 

variations with age 
8. Stimulate development of advanced restraints in 

rear rows emphasizing child occupant protection 

During the 2015 workshop, the identified research 
priorities from 2013 were addressed and 
advancements were noted (Arbogast et al. 2015). 
With a future-oriented perspective, five important 
questions were identified as critical to tackle through 
informed and engaged dialogue from a variety of 
stakeholders: 

1. How do we best get advanced models and 
biomechanics data used and accepted? 

2. Child occupant protection is currently complex. 
How do we make typical behavior safe? 

3. Our field primarily focuses on fatalities and 
serious injuries. Should less severe injuries be 
prioritized? 

4. How do we ensure adequate data collection in 
emerging markets to address specific needs? 
What education or innovative technology is 
needed? 

5. How do we ensure existing and emerging 
restraints are fully evaluated in diverse loading 
conditions for "real kids" in “real cars”? 

It was concluded that future advancements need to be 
data driven and incorporate multiple disciplines. 
Engineering advancements for better child restraints 
should strive towards less complex solutions. The 
approach should be to take what families do most 
often and make it safe, and to highlight the shared 
responsibility between the CRS and the vehicle. In 
addition, regulation and consumer ratings programs 
must consider child occupants and follow 
fundamentals, models and biomechanics knowledge 
should integrate into restraint design quicker, and 
new markets may need new solutions. 

DISCUSSION 

This study addresses how to optimally protect 
children in a real-world perspective, acknowledging 
the contribution of the CRS and the vehicle. The 
results from this comprehensive multi-disciplinary 
project offer input to safety system development, 
standards and regulations, dummy design, test 
methods development as well as child restraint 
recommendations and future research challenges. 

Although significant fatality reductions over the 
years are seen, there is still a need to address 
protection of children in cars. As concluded at the 
international workshops, multiple discipline 
competencies and actions are needed, and 
engineering efforts towards less complex solutions 
are required. Understanding the needs and behavior 
of occupants in real-world situations is key.  

The real-world crash data analysis highlights the need 
to address injuries resulting in long-term 
consequences. Since a majority of injuries with long-
term consequences are at low AIS levels, 
consequently these injuries may not be addressed by 
today’s countermeasures, which normally aim to 
address AIS3+ injuries. Further studies are 
encouraged to collect and analyze the data to 
investigate the specific mechanisms behind injuries 
causing long-term consequences.  

The real-world crash data also show that in 40% of 
the crashes, the driver braked or steered prior to the 
crash. The data presented in this study is based on 
vehicles without automatic braking or steering 
technologies. There is a rapid development and 
implementation of collision avoidance and mitigation 
technologies, and they have shown great benefit in 
reducing numbers of collisions (Isaksson-Hellman 
and Lindman, 2016). Nevertheless, in future vehicles, 
it is likely that there will be an increase in share of 
crashes with preceding evasive maneuvers. Enhanced 
understanding of the events leading up to a crash and 
the influence of pre-crash factors will help drive the 
development of occupant protection as well as crash 
avoidance and mitigation technology beneficial for 
child car occupant safety forward.  

Another finding, provided by the real-world data 
analysis in this study, was that even though booster 
seat have a long tradition, high availability and are 
required by law, too many children are not using 
boosters despite being of a size in need of such 
restraint. This applies specifically to the children that 
have reached school age. As concluded by the 
international workshops in this study, the approach 
should be to simplify use of safety technology and 
merge the typical behavior of CRS usage with the 
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best practice. Furthermore, the shared responsibility 
between the CRS and the vehicle needs to be 
highlighted. Unfortunately, the development today 
within CRS certification is taking an opposite 
direction, exemplified by the side impact certification 
tests in UN ECE R129 evaluating the head protection 
for boosters without including any vehicle relevant 
measures in the test setup. The consequences are that 
the booster will become larger and less easy to bring 
along. 

Fig. 9a. Child 
leaning forward 
for visibility 
(Andersson et al. 
2010) 

Fig. 9b. Child 
leaning forward 
using an Ipad 
(Osvalder et al. 
2013) 

Fig. 9c. HIII 6y 
placed in crash 
test position.   

When studying children during normal riding in cars 
it is obvious that children sit in a variety of postures. 
Figures 9a and 9b show examples of two forward 
leaning postures; for visibility and activity, 
respectively. Only for a limited time during the ride, 
the children are in the ideal posture for which the 
crash test dummy is positioned in testing (Figure 9c). 
When children are active, especially when they are 
engaged in tablets and smartphones, they often 
choose a more forward leaning posture. In case of a 
side impact, the head will then likely be protected by 
the vehicle rather than the booster’s head side 
supports, although the latter is specifically certified 
for this purpose. Understanding the factors 
influencing the preferred sitting postures is the best 
way to proceed towards restricting the variability, 
with an ambition to derive at a range of common user 
positions. With this as a fundamental principle, 
restraints addressing the range of positions will 
enable robust protection for children in real-world 
situations. The common user positions should be 
guided based on comfort and positive measures in 
order to obtain a real effect.  

Child volunteers of different sizes / ages in different 
restraints move forward approximately 0.15-0.20m 
when exposed to emergency braking of 1g, even 
when they are properly restrained. The difference in 
trajectories is influenced by the size of the child as 
well as the restraint system used, including initial 
seated posture, as illustrated in Figure 4. The areas 
shown in the figures are possible head impact areas in 
case of a subsequent side impact. This is in line with 
the field study by Maltese et al. (2007). As a 

consequence of the braking event, the head will be 
more forward than the coverage of most booster seat 
head side supports. This emphasizes the need for 
evaluation and development of child occupant 
protection that includes the vehicle and child restraint 
together.  

  

Figure 10. Lateral inboard motion of a child 
during a steering maneuver, using booster 
cushion (left) and booster seat (right), 
(Bohman et al. 2011b) 

In an evasive steering event children move laterally. 
The extent depends on the size of the child and the 
restraint used, and whether belt slip off occurred. The 
differences in shoulder belt slip-off between the 
shorter and the taller children may be explained by 
the fact that the stature of the taller children allowed 
the belt to have a grabbing effect on the shoulder 
while the shorter children slipped out of the belt 
immediately. Also, the taller children have wider 
shoulders. The booster backrest showed potential to 
maintain the shoulder belt on the shoulder during the 
steering maneuver (Figure 10). Whether the backrest 
of the booster seat will continue to keep the shoulder 
belt in position during a frontal impact when the 
booster seat and the child are in such a pre-crash 
position is still to be evaluated.   

Based on the evasive maneuver tests, it was 
concluded that the crash test dummies can be used as 
a loading device for the seatbelt and booster, when 
the shoulder belt is on the shoulder. However, the 
utility of crash test dummies is limited when out of 
the protective zone offered by the restraint. The 
challenges include occupant kinematics to be 
predicted for a longer period of time and the 
influence of muscle activation in non-impact 
situations. The first step developments of the active 
child HBM adding postural control showed 
promising results to help predict child kinematics in 
low velocity events (Figure 6). Further developments 
of tools, enabling evaluation and development of 
countermeasures taking into account pre-crash 
events, are encouraged. 

In the present study, some evaluations of the Q10 
capabilities in frontal and side impacts were made. 
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The chest deflection of the Q10 was shown to be 
more sensitive to shoulder belt geometry than to 
other countermeasures such as seatbelt pretensioners 
and load limiters. This was followed up with the 
study comparing the Q10 shoulder belt slippage to 
child volunteer tests. These comparative tests, 
provided evidence that the shoulder belt slippage was 
faster on the Q10 as compared to the children. There 
is ongoing work initiated by EuroNCAP, to reduce 
the shoulder belt slippage on the Q10.  

In side impacts, it was found that the Q10 shoulder 
has a potentially important load path in lateral 
impacts. Due to the rigid spine, the shoulder can be 
used to reduce loading to the thorax in an unrealistic 
way, which is a major drawback. Adding load 
measuring capabilities to the Q10 shoulder, in line 
with other side impact dummies (i.e. WorldSID 50th 
and 5th and SIDIIs) would resolve this. When these 
tests were conducted, a full-length arm was used. In 
the positioning proposal for the Q10 (same protocol 
for side- and frontal) the arm was positioned 
vertically and aligned to the thorax. It is believed that 
the arm interaction with the thorax has an influence 
on the chest deflection results by distributing the load 
to the thorax. After this study, a side impact kit was 
developed by Humanetics, including a half-arm, 
which is used in the side impact rating test.  

The booster is essential for the child enabling good 
interaction to the vehicle seatbelt, however it cannot 
protect the child by itself. The present study 
exemplifies several situations where the vehicle’s 
protection systems play an important role for the 
child’s protection. Hence, aiming for real-world 
safety it is essential to replicate in-vehicle situations 
when developing child restraint systems, which is not 
how child restraints are certified today. The results 
from crash tests and simulations performed as part of 
this study show that the child crash test dummies 
were sensitive to and benefitted from side airbags and 
advanced seatbelt technologies, such as pretensioners 
and load limiters, in side as well as frontal impacts. 
In addition to the in-crash protective systems, 
pioneering maneuver and run-off-road tests were 
executed to evaluate the effect of a pre-pretensioner 
to be activated before crash. The tests show 
promising results to help keep the child in position in 
relation to the restraints, limiting the range of 
variability of postures and positions and working in 
line with the ambition to limit the range of user 
positions restricting the challenges of protection in 
case of a subsequent crash.  

The results from this project contribute to 
identification and quantification of important real-
world needs, as well as evaluation and development 

of countermeasures. It is emphasized that, from a 
real-world perspective, the vehicle and child restraint 
design should encourage a limited range of voluntary 
sitting postures, preferably guided by comfort. In 
addition, it is essential to further explore 
countermeasures to address the influences of 
dynamic events prior to a crash.  

 

CONCLUSIONS 

Real-world safety of child rear seat car passengers, 
involves evaluation of protection beyond crash-
testing in standardized frontal and side impact 
conditions. This project explores a wide context of 
rear seat performance and emphasizes that child 
occupant protection is to be regarded as a multi-
faceted system, combining vehicle protection and 
child restraint systems. Understanding how real 
children sit and behave in cars is essential.  

Studying the children during normal riding clearly 
shows that the child restraint is only a part of the real-
world protection. It is obvious that children interact 
with and benefit from the vehicle protection systems. 
It is also clear that the design of the child restraint 
influence the protection capabilities. The trend of 
increased head side supports will likely increase the 
forward leaning postures, which will expand the 
protection contribution needed from the vehicle. 
From a real-world protection perspective, it is 
beneficial if the vehicle and child restraint designs 
encourage controlled sitting postures, preferably 
guided by comfort, helping to restrict the variability 
in user positions. 
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ABSTRACT 
The dramatic reduction in death and serious injury that has been achieved within the existing vehicle crash 
testing framework has, in some cases, reached a plateau. Consumer and regulatory organisations are studying 
those crash modes that are predominantly responsible for the remaining types of injury, and new test 
requirements are under development, with the aim of driving further enhancement in occupant protection. 
One such proposal involves a moving deformable barrier impacting the front of a stationary vehicle at an angle 

of 15° and with an overlap of 35%, and this oblique impact introduces a lateral component of motion into the 
vehicle response. In parallel with the development of additional impact modes, a new frontal crash dummy, 
the Test Device for Human Occupant Restraint (THOR), is being investigated as a replacement for the 
traditional Hybrid3. The THOR ATD (Anatomical Test Device) provides a more bio-fidelic response, in particular 
to the lateral component of vehicle motion created by an oblique impact, and it is being considered for 
introduction into this and other crash test scenarios. THOR is based on a completely new internal structure, 
and incorporates several new sensors to increase the amount of information available for assessing the 
severity of the crash from an occupant point of view. Optimal occupant protection relies on a careful matching 
of restraint specification to the response of the ATD, and a detailed understanding of the internal structure 
and instrumentation features of THOR is essential in achieving this. 
 
State-of-the-art vehicle development makes extensive use of virtual test methods, and relies on having 
sufficient confidence in the virtual toolset. Highly fidelic ATD computer models have been used for many years, 
and a model of THOR is undergoing rapid refinement to meet its increasing relevance within new test regimes.  
 
This paper describes a test and simulation project designed to study the internal structure and behaviour of 
THOR, and to investigate the quality of the DYNA simulation model. In order to remove as many sources of 
variability as possible, testing was carried out using the ATD on its own, as well as with a disassembled thorax. 
The use of CAE models to derive load cases representative of THOR behaviour in a vehicle crash led to a set of 
test data relevant to in-service loadings. A comparison of simulation and test results allowed a detailed 
assessment of the quality of the model, and formed a basis for its future development. 
 
It was concluded that the behaviour of THOR is complex and significantly different to that of the Hybrid3 that it 
replaces, which reinforces the need for detailed understanding of the internal structure and its interaction 
with vehicle systems. It was also concluded that the existing DYNA model is adequate for guiding development 
of vehicle systems in respect of protecting THOR, but that some further refinement in specific areas is 
required. 
 
THOR will be increasingly relevant as it is introduced into the oblique and other crash test cases, and the 
understanding of its characteristics is developing rapidly. It is hoped that this study will contribute to this 
knowledge base. 
  



 
 
INTRODUCTION 
 
As a result of the development of a wide-ranging crash testing framework over more than 50 years, there have 
been radical improvements in vehicle crash safety and in the number of fatalities and serious injuries caused to 
occupants in road traffic accidents. Most of the test regimes currently used to assess frontal crash make use of 
well-established load cases and employ measurement systems based on Hybrid3 ATDs of various sizes, which 
have been in use since the start of main-stream crash regulation and consumer information programmes. 
Although over this period the method of rating crash severity has been refined, the basic vehicle loadings and 
ATD output signals have not changed significantly. However, new test modes are in development to drive 
improvement in occupant protection in those crash scenarios that are most predominant in the remaining 
types of injury. A number of proposed modes are illustrated in figure 1, and include an oblique impact, based 
on a moving deformable barrier of 2486kg that strikes the vehicle at 90kph, and an offset moving deformable 
barrier of 1400kg, with both vehicle and barrier moving at 50kph. These tests involve significantly more kinetic 
energy, which has to be managed by the vehicle systems.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Proposed test modes incorporating THOR 
 
 
 
The oblique load case is currently under consideration for incorporation into the USNCAP programme at a 
point in the near future, and the offset barrier test is planned for introduction in EuroNCAP in 2020. These new 
test protocols will incorporate the THOR ATD to replace or supplement the Hybrid 3. Originally the Hybrid 3 
was developed to assess predominantly longitudinal crash modes, and it has a number of characteristics that 
limit the precision of measurements that can be made with it, particularly in non-longitudinal crash modes 
such as the oblique impact. THOR is intended to overcome some of these limitations. Although various THOR 
versions have been available since the early 2000s, it is now receiving significantly more attention as a result of 
its proposed introduction. Until recently the THOR specification was still being finalised, and the number of 
new units in general circulation was limited, so a main-stream evaluation and investigation by a multitude of 
users was not feasible. 
Many aspects of THOR construction differ from Hybrid 3, and it is considered to represent a step-change in 
bio-fidelity. As a result, interactions with vehicle systems such as restraint components are likely to be 
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different to Hybrid 3. In interpreting the THOR output signals, a detailed understanding of these interactions is 
essential, and this requires knowledge of the construction, mechanisms and mechanical and electrical 
responses of THOR. Thorax injury is a key concern in assessing the severity of occupant loading and THOR 
thorax construction is compared with Hybrid 3 and a human thorax in Figure 2. 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Comparison of human thorax, THOR and Hybrid 3 

 
 
Instead of the single, central potentiometer used by Hybrid 3 to measure chest deflection, THOR is fitted with 
4 telescopic IRTRACC systems as shown in figure 3, making an understanding of these systems and the 
supporting structure very important. 
 
 

 
 

Figure 3. Chest deflection measurement in THOR and Hybrid 3 
 

 
Modern vehicle development relies on the use of CAE techniques to predict the response of safety systems, 
including ATDs, and detailed finite element models of THOR exist to support this activity. One benefit of the 
use of CAE is the ability to investigate many different loading scenarios as an aid to refining load case 
configuration and specifying instrumentation prior to physical testing. In addition, it allows measurements and 
observations to be carried out, including study of internal behaviour, that are not possible with a physical 
component. Consequently, CAE modelling can make a vital contribution to the detailed study of physical 
mechanical systems. However, this pre-supposes sufficient confidence in the fidelity of the CAE model. In this 
context, more information regarding THOR, in both the physical and the virtual domains, is required. 
 

THOR Hybrid 3 

THOR 
Hybrid 3 



OBJECTIVES 
 
This study set out with the following objectives: 
 
To generate a set of relevant thorax component test data using a THOR-M 
To observe and measure thorax response in these tests, and draw conclusions as to factors influencing its 
mechanical behaviour 
To assess the ability of a THOR CAE model to predict the results of these tests 
 
METHOD 
 
In studying the behaviour of a mechanical system, including an ATD, it is essential to minimise factors that 
could introduce noise into the loading or contaminate response measurements. However, the loading 
configuration must still be sufficiently representative of in-service conditions to generate data that provides 
useful insight into the response of the system. Additionally, it is important to gain as much information as 
possible from such testing, including visual observations, in order to capture the behaviours associated with 
the response signals. Without an understanding of these underlying behaviours, an assessment of output 
signals is of limited use as it provides little information as to the likely response in other load conditions. For 
the same reason, in assessing the capability of a CAE model to predict a test result, a simple comparison of 
output signals is not adequate without a comparison of the corresponding behaviours.  
 
To meet the requirement for low-noise but representative test conditions, CAE models were used to define a 
set of quasi-static and dynamic rig tests to replicate the loading characteristics and responses of the THOR-M 
thorax seen in an oblique vehicle crash. Using pendulum and quasi-static compression test equipment, 
impactor sizes, masses and velocities were chosen to match, as far as possible, the conditions experienced in a 
vehicle crash. The CAE simulations also allowed suitable instrumentation and camera views to be determined. 
Following the definition of test configurations, a fixture was designed and manufactured to allow the THOR to 
be fixed stiffly in a number of orientations to suit quasi-static and dynamic loadings. The fixture was designed 
to match the geometry of the THOR spine, and is shown in figure 4.  
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 4. THOR spine fixture 

 
 
 
The fixture was designed to allow it to be mounted vertically for dynamic pendulum testing, or horizontally in a 
compression loading bench for quasi-static loading. In each case it was possible to alter the angle presented by 
the thorax to the probe or pendulum. These two mounting conditions are shown in figure 5. 
 
 



 
 

 
Figure 5. Horizontal and vertical fixture orientations 

 
 
The thorax was fully instrumented and the previously determined camera views were installed to provide the 
required visual data. Following testing, a full visual and response signal analysis was completed. This was then 
compared to the original CAE models to confirm the validity of the models, and to help interpret the test data. 
 
In a second set of tests, the complete THOR ATD was impacted at a number of points, and in various directions 
by a pendulum, whilst sitting freely on a surface. These tests were also pre-simulated to specify the masses 
and velocities of the pendulum impacts. The arrangement is shown in figure 6. 
 
 
 

 
 
 

Figure 6. Complete ATD test configuration 

 
  



RESULTS 
 
Through the use of CAE it was possible to derive surrogate load configurations for quasi-static, pendulum, and 
full ATD tests that approximated the ATD response in vehicle crash cases. An example is shown in figure 7 
where the thorax compression observed in vehicle and full ATD regimes is compared. It was considered that 
this degree of agreement is sufficient to make the information collected relevant to in-service conditions. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. THOR CAE model chest deflection in vehicle and pendulum load cases 
 
 

Upper thorax deflection was seen to be very sensitive to the Y location of the load form with respect to the 
sternum block. In figure 8 the upper chest deflections for a central and an offset pendulum impact in the fixed 
thorax test are shown. The upper left chest deflection in the offset impact is significantly lower than that for 
the central impact, showing a dramatic sensitivity to the Y location of the loading. 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

Figure 8. Upper chest deflections in central and offset pendulum fixed thorax load cases 
 

 
This step change in deflection of the non-struck IRTRACC under offset pendulum impact was seen to be related 
to the arrangement of IRTRACC sensors and the relatively compliant connection between ribs and sternum 
block through the bib, as shown in figure 9.  
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Figure 9. Local deflection of bib in the area of an offset pendulum impact 
 
 
Section views through the model, shown in figure 10 illustrate how, when the impactor does not engage with 
the sternum block, the deflection of the IRTRACCs becomes unbalanced and the impact opposite the loading is 
significantly reduced, whereas the IRTRACC underneath the impactor increases. The left and right ribs are 
relatively weakly coupled through the bib/sternum construction, and it can be seen that the sternum block is 
subject to considerable rotation under off-centre loading.  
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 10. Local deflection of bib in the area of central and offset pendulum impacts 



Although it is not possible to observe directly the internal behaviour in the full ATD physical test, section views 
through the corresponding CAE models allow this behavior to be inferred, and figure 11 illustrates how a 
similar off-centre loading response occurs in this test configuration. It can be concluded that the behaviour of 
the thorax in the fixed spine test is representative of the behaviour in the full THOR test. In a vehicle 
environment, the lateral position of a seat belt path with respect to the sternum block could significantly affect 
the relative thorax deflections measured between the left and right IRTRACCS, and understanding this 
relationship is critical to interpreting thorax deflection measurements. 
 

 
Figure 11. Local deflection of bib in the area of central and offset pendulum impacts 

 
 
A similar lack of vertical coupling between upper and lower IRTRACCs can be observed in figures 8, and 9, 
again indicating a relatively compliant bib that does not transfer load effectively in this load case. 
 
Impact onto the sternum block in the fixed thorax pendulum test was observed to lead to an immediate 
compression of the rubber elements between the steel plates due to the inertia of the components. This is 
followed by strong oscillation of the sternum block. In figure 13, a section through the model illustrates how 
this compression also occurs in the full ATD mode. The level of compression of the sternum block construction 
can be expected to influence early chest compression measurement since the effective mass experienced by 
the loading is reduced due to the compliance. Strong oscillation as the sternum block rubber elements recover 
their original shape could lead to vibration in the output signals.  
 
 

 
 
 

Figure 13. Compression within the sternum block under direct loading in the full ATD load case 
  



CONCLUSION 
 
A set of load cases was developed using a CAE model of the THOR ATD, which led to observations of behavior 
and corresponding signal responses that can be expected to influence the response of THOR thorax to input 
from vehicle systems. CAE has a vital role to play in developing relevant test specifications with reduced noise, 
and analyzing and interpreting results, and the ability to study behaviours not visible in the physical dummy is 
of particular benefit. An adequate level of confidence in the CAE model is a pre-requisite for this approach. 
 
Three characteristic behaviours have been described here: 
 

 A strong influence of the degree of sternum block engagement with loading system, in Y and Z 
directions, on upper chest deflection and distribution. 

 A low level of lateral and vertical coupling between IRTRACCs. 

 A highly dynamic behavior of the sternum block, which may influence the early force/displacement 
characteristics of the thorax deflection and introduce noise into deflection or acceleration signals. 

 
These observations provide insight into the internal structure and behaviour of the THOR ATD under static and 
dynamic loading. This will lead to a more precise understanding of interactions between vehicle systems and 
ATD, and allow a more informed interpretation of output signals and their sensitivities to vehicle system 
changes. The introduction of THOR into a range of new tests requires a development in familiarity and 
understanding of the dummy to match that of the Hybrid 3, built up over many years, and exercises of this 
type are a useful addition to this knowledge base. 
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ABSTRACT 
 
Various successful biofidelic simulations of vehicle-pedestrian collisions exist for research and design 
purposes, but are impractical for routine accident investigation and reconstruction. Reconstructions with a full 
pedestrian crash dummy and a representative vehicle have always been problematic because robust and 
representative dummies are expensive, and need replacement components after tests if they are as fragile as 
the human frame. This is not an issue below injury thresholds, but such cases are rarely of forensic interest. 
Many reconstructions have nevertheless used crash dummies to establish impact speeds by correlating vehicle 
damage location and extent, and the throw distance, but this can be a circular process subject to low biofidelity 
and systematic errors. 
 
An alternative is to use expendable, simplified dummies in reconstruction exercises. This paper uses results 
from similar impact configurations of earlier humanoid computer simulations and from separate testing of a 
dummy developed for police reconstructions in the expectation of guiding further application of the simplified 
dummy method.  

Correlation of the kinematics up to dummy/vehicle separation between the computer simulations and the 
dummy tests was close enough to provide some confidence based on the limited materials available for study. 
Initial contact, timing, contact locations and motions of the dummy parts not contacting the car corresponded 
with little variation due to differences between the simulation and test impact initial velocities.  Pedestrian 
posture, point of impact and vehicle specification aligned well, as did braking and pitch of the vehicle during 
impact, previously shown to have a material influence on the trajectory of the pedestrian and by implication 
the throw distance, in addition to the other configuration parameters. The results are therefore confined to the 
configuration used for this analysis and further work would be needed to generalise the findings for other 
vehicle shapes, speeds and contact points, pedestrian stature and posture.
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INTRODUCTION 

Collisions involving a vehicle with a pedestrian or 
cyclist often differ considerably from collisions 
between two vehicles or a vehicle and the 
infrastructure in forensic terms. In the latter 
instances the evidence available at the scene and 
later is usually more durable and pronounced: 
debris, vehicle and property damage, besides 
marking of the roads before or after impact 
indicate directions and speeds, even if there are no 
injuries to the occupants. It can be easier to access 
the evidence both on attending the collision and 
later by re-visiting the location and following up 
the vehicle in the insurance compound or repair 
shop. In contrast, a pedestrian may be thrown well 
away from the initial impact location in a direction 
dependent on the shape of the vehicle, and may 
sustain multiple injuries from the surroundings as 
well the vehicle; they may be moved to safety by 
first responders or even taken to hospital well 
before investigators can attend. Typically, the 
vehicle will have continued moving some distance 
after the initial impact, and in some cases may not 
even stop at the scene. Often it is parked out of the 
way of other traffic, and traces on the road surface 
of initial impact with the victim may be minor 
scuffing of the surface and a little debris, easily 
affected by passing traffic or people attending the 
scene.  With increasing fitment of enhanced brake 
systems, tyre marks on the road may be difficult to 
detect and attribute.  Impact locations on the 
vehicle can difficult to identify, especially on hard 
points that do not dent easily, or on soft parts that 
recover shape. Scuff marks, clothing fibres, hair, 
skin and blood on a dry vehicle can all be missed 
on cursory inspection and be invisible if it is wet, 
or removed by subsequent precipitation or 
deliberately. In one minor injury case vehicle body 
repairs had been completed in all innocence after 
police had completed their on-scene inspections 
and before a research team visited the driver within 
24 hours of the incident. [Hill et al, 4] Eye witness, 
driver and victim statements are a poor substitute, 
at best only corroborating hard evidence. 

Not only do these factors give room for doubt or 
dispute in cases where fault needs to be 
established, it is frustrating to have inadequate 
information for research which is directed at injury 
mitigation by design of vehicle systems and more 
importantly at detecting pedestrians in order to 
avoid collisions if possible. The more thoroughly a 
case can be reproduced, the easier and more certain 
the creation of effective countermeasures will be.  

Historically, cases have been replicated using the 
best available information from the scene of a 
collision, a car of the same type and a standard 
crash test dummy or Anthropomorphic Test Device 
(ATD) adapted for a standing posture or supported 
in a walking or running posture as indicated by the 
case information. The car is then propelled into the 
dummy in the estimated configuration of the case. 
The test results in terms of contact locations on the 
dummy and the car, and the ground, damage to the 
car, braking distance, and final locations of dummy 
and car are then compared, often with repeat tests 
with adjusted initial conditions until the best match 
between test and field data is achieved. Such 
testing provides the basis for forensic judgment of 
impact velocity from throw distance, usually 
needing other supporting evidence to obtain 
conviction of an at-fault driver in court. 

Apart from the cost of performing such repeated 
impact tests with a vehicle restored to damage-free 
condition between tests, and the risk to the test 
driver, etc., the dummies were usually adaptations 
of those designed for car occupant surrogation with 
modifications to allow a stable upright posture and 
did not represent the relevant strengths, stiffness, 
ranges of motion and injury-sensing of a human.  
Further difficulties in having sufficiently robust 
instrumentation to withstand impact especially 
with the ground, and integrity of data transfer by 
cable, wireless, or internal recording restricted the 
scope of information that could be obtained.  It is 
therefore questionable whether some of the early 
tests were representative enough to generalize 
throw distances as indications of vehicle speed 
from relatively few experiments. In turn, the 
parameters for reconstructions and for subsystem 
tests replicating the vehicle damage from real-
world cases using a stand-alone headform or 
legform impactors relied on those experiments and 
form the basis of all current regulations, despite 
the impactors being mechanically unlike the 
human body parts. Nevertheless, in the absence of 
better data and tools, the social imperative to 
reduce fatalities and lesser injuries obliged the best 
available means at the time to be applied in 
legislation. 

These were motivations behind the pedestrian 
protection research initiated at Jaguar Cars and 
conducted by Ford Forschungszentrum Aachen 
GmbH (FFA) using component impact testing, 
computer simulation [Howard et al, 1, 2] and On 
The Scene Accident Investigation [Morris et al, 3] 
which was the pilot to the ‘On the Spot’ research 
[Hill et al, 4] and the later IMPAIR study in Berlin 
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and Mecklenburg-Vorpommern [Koch & Howard, 
5]. 

Independently, within the Metropolitan Police 
(London, UK), an interest arose recently in more 
robust evidence in pedestrian cases. This led to 
development of a repeatable low-cost, disposable 
pedestrian dummy with which to reconstruct 
collisions including the trajectory of a pedestrian 
as captured on CCTV.  This work is unpublished 
but demonstrations using several examples of the 
dummy were staged at the 2013 and 2016 Institute 
of Traffic Accident Investigators’ (ITAI) Crash 
Test Days [ITAI, 6,7]. (see fig. 2) Among the 
staged impacts by coincidence there was one with 
the same vehicle model and pedestrian 
configuration as simulated during FFA research.  

The opportunity has therefore been taken to 

compare the impact behaviour of the dummy and 
vehicle with the simulations. For this purpose, our 
own records, normal and high-speed video 
published by The Institute of Traffic Accident 
Investigators [ITAI, 6a, 6b] on DVD and FFA’s 
published materials were accessed by kind 
permission. It later transpired that the DVD 
formats were unsuitable for detailed analysis and 
ITAI arranged for the high speed video to be made 
available in the original format. 

This paper reports on these comparisons, their 
limitations, and because perfection has not yet 
been achieved, comments on implications for 
further work. 

COMPUTER SIMULATION 

Background 
Howard initiated research into pedestrian safety at 
Jaguar Cars Ltd. to gain better understanding of 
design requirements for injury mitigation in the 
real world, and to contribute to evolution of 

regulations and test methods. The latter were partly 
based on work by Ashton and McKay [9] but 
vehicle shapes had subsequently changed in the 
interests of fuel economy and there was debate 
over the validity for the contemporary vehicle parc 
of the European Enhanced Vehicle-Safety 
Committee [EEVC, 10] tests on which the 
European Commission’s legislative proposals were 
being based. 

Howard and Thomas [2] coordinated test rigs, test 
impactors, vehicle countermeasures, [for example 
Cady et al, 11] and determined that detailed on-
the-scene in-depth accident study was also 
required to support updating of EEVC pre-
regulatory research. 

This work later proceeded under the aegis of Ford 
Forschungszentrum Aachen GmbH to creation of a 
computer model of pedestrians and vehicles with a 
number of objectives in view, and to funding the 
On-the-Scene Accident Investigation (OTSAI) 
project in Nottingham [Morris et al, 3], the pilot to 
the On-the-Spot project [Hill et al, 4]. 

The principal objectives of the simulation were 
firstly to be able to represent any pedestrian in 
terms of stature, mass, body proportions and age, 
whether a generic case, or to reconstruct a specific 
individual for case reconstruction, and secondly to 
represent injury mechanisms with sufficient 
biofidelity to reproduce real world collisions and 
apply the results to study potential mitigation in 
vehicle design. This would be addressed by use of 
the GEBOD database for prospective simulations, 
and clinical anthropometric measurements for 
reconstructions. 

Those objectives were augmented by the field 
research, a joint effort lead by Loughborough 
University’s vehicle Safety Research Centre, in 
conjunction with Nottinghamshire’s Constabulary, 
Queen’s Medical Centre hospital, Ambulance 
Service, Fire Service and Highways Engineer’s 
departments.  OTSAI was established to provide 
enough information on pedestrian, vehicle and 
driver behaviour leading up to collisions to inform 
the specification of pedestrian detection and 
warning systems, control strategies for collision 
avoidance systems and active injury mitigation 
systems such as deployable body systems (pop-up-
hoods/bonnets or external airbags). The real world 
data was also of value for all participants in 
trialing additional collision investigation 
techniques, such as video recording of the scene on 
arrival, location, condition and treatment of 

Figure 1. Low-cost pedestrian dummies - 40 kg 
child, 80 kg adult 
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victims, damage and other visible evidence, traffic 
conditions whether affected by the incident or not, 
weather and lighting conditions. Vehicle damage 
and other evidence is often easier to comprehend 
from video than from still photography alone. 
After clearance of the scene and before reopening 
to normal traffic, the police could make a first-
estimation of the case vehicle approach, speed and 
path through the impact, again recorded on video, 
including sight lines.  In addition to all the usual 
measurements, witness statements photos and UK 
police STATS19 forms details, careful analysis of 
the video is capable of revealing information 
captured but not specifically selected at the scene, 
providing useful corroboration or critiquing of 
conventional data. Information collected at the 
scene, including during the pilot project by a 
trauma medic in the team, was combined with 
information gathered at the hospital casualty 
department by the trauma specialist attached to the 
project team, under the relevant ethical protocols.   

Model Description 
To give sufficient biofidelity and allow critical 
bone stresses to be determined by the simulation, 
Finite element (FE) models were developed using 
the LS-DYNA FEM code, and included 6 year-old 
child, 5th percentile adult female, and 95th 
percentile male, aligned with the standard Hybrid 
series of vehicle occupant dummies, together with 
the H-IIIP 50th percentile adult male pedestrian 
dummy which has a pelvis modified to adopt a 
standing posture.  

The basic model was progressively developed 
using human data to represent more closely the 
geometry and material properties starting with the 
legs and neck,. The technique developed for Ford 
by Hardy et al at Cranfield allowed for scaling to 
also represent ethnically differentiated physical 
proportions, or a specific individual person [Hardy 
et al, 10]. Care was taken to cater for 
representation of fracture, particularly in the long 
bones of the leg, it having been confirmed during 
OTSAI that trajectories could be changed 
considerably in the real world depending on 
articulations due to fractures, especially away from 
the knee and hips. The resulting “humanoid” 50th 
percentile adult male models (AM50) provided the 
templates for the rest of the humanoid family. (see 
figure 2) It was also envisaged that more detailed 
models of relevant parts of the pedestrian could be 
inserted during certain stages of the collision 
simulation to examine, for instance, rib, shoulder 
or brain trauma at the time of contact, or violent 
rotation during throw thereafter – including ground 

contacts. This would avoid extensive use of 
computer resources during the parts of the 

simulation where a detailed model would not make 
a useful contribution, such as while the relevant 
body regions were not in contact with the ground 
or vehicle and not subject to high accelerations. 
These models preceded and are completely 
independent of the LS-DYNA “Hybrid III 50th 
Percentile Male Standing” model which is 
currently in beta-test phase [11].  

In parallel, a computer model of a Ford Focus Mk.I 
was developed with a highly detailed front end.  
All the vehicle components interacting with a 
pedestrian used material data validated by sub-
system tests and impactors representing the 
pedestrian, [Philipps & Friesen 12, Howard et al 
13].  The pedestrian posture at impact, location 
relative to the vehicle front, the vehicle velocity 
and attitude, including braking and brake dive can 
be adjusted in the initial conditions.(see figure 3). 

Figure 2. Humanoid models - 95th male, 
50th male 5th female percentiles and 6 -year 

old child 

Figure 3. Humanoid AM50 Pedestrian and detailed 
Ford Focus Mk.1 FE models 
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The total model capability was planned and used 
so that a large parametric design-of-experiments 
matrix was employed to generate conclusions once 
the AM50 humanoid model had been validated and 
thus allowed one case to be identified for 
comparison with the low-cost dummy test in the 
present paper.  

Model Performance 

The humanoid model was validated against 
existing results of pedestrian collision tests with 
adult male cadavers, and replicating the vehicle 
parameters reported from those tests [Ishikawa et 
al, 14] at 25 km/h and 39 km/h, and the exercise 
yielded some improvements to the humanoid 
model as a result of the initial simulations, 
including positioning of the arm to avoid 
interference with pelvis contact, and in modelling 
of tibia fracture. Details are given in Howard [5], 
and results showed better correlation with the 
cadaver tests of leg trajectory, head velocity, and 
by a factor of 10 with head impact location.  These 
capabilities were of particular importance for the 
subsequent research into effects of pedestrian 
orientation, posture, and alignment, vehicle shape, 
local stiffness, velocity, braking, and pitch due to 
braking, for vehicle design guidance, and ideal for 
the comparisons below. The model was then 
further developed, the shoulder being a major 
challenge.  Versions were also developed for 
research into cyclist and motorcyclist collisions 
with vehicles [McLundie, 15, Watson, 16]  
 
APPLICATION OF TEST DUMMIES TO 
PEDESTRIAN RESEARCH AND FIELD 
INVESTIGATION 
 
Background  
The simulation of vehicle-to-pedestrian collisions 
has been conducted for many years, originally 
using military dummies such as the RAE dummy 
intended for ballast or in rescue, parachute and 
ejector seat tests [Guignard, 17], or for automotive 
occupant tests and were fundamentally designed to 
represent average adult males in terms of 
dimensions, masses and articulation angles, 
perhaps with provision for instrumentation and 
joint stiffness, but most of all for durability in 
repeated use. Alderson’s VIP was modified to 
serve as a standing pedestrian dummy, as was his 
Sierra “Stan” dummy.  
 
TRL demonstrated pedestrian “catcher” devices 
using a suspended dummy in 1974 during the 5th 
ESV Conference, [Jehu, 18] (see figure 4), and 
more recently the OPAT Pedestrian dummy in 

research on energy absorbing surfaces and external 
airbags [Holding et al, 19].  The - APROD 
(Association Peugeot-Renault Omni Directional) 
automotive dummy, developed for side impact 
with improved thorax shoulder lateral biofidelity 
was also adapted for pedestrian testing [Brun-
Cassan et al, 20; Suthurst and Hardy, 21]. 
  
One of the most completely developed pedestrian 
dummies is the Honda / GESAC POLAR 2 
[Huang, et al, 22; Fredriksson, et al, 23; Crandall 
et al, 24] which have the combinations of 
biofidelity, robustness, telemetry etc. suitable for 
simulating collisions up to 50 km/h, with 
sophisticated knee joints in particular [Artis et al, 
25]. Once again, the design is based on an 
occupant dummy, in this case THOR, therefore 
inheriting improved thoracic characteristics. A 
very different approach was used to mimic human 
optical, thermal, and radar signatures for 
pedestrian sensing system research in a resilient 
form in case the test failed [Moxey et al, 26]. 
 
Elsewhere a number of reconstructions of specific 
accidents have been performed using Hybrid IIP 
dummies, now superseded by the Hybrid IIIP with 
improved bio fidelity [Humanetics, 27], but with 
replaceable steel tubular leg segments, increased 
robustness, knee, hip and spinal, joints and flesh, 
adapted to enable free-standing on both feet 
including a partially raised foot, for greater 
flexibility in setting more realistic postures.  Such 
standard dummies typically cost US $80,000 to 
$90,000 and replacement tibia sections and 
associated parts around US $1,000, apart from 
calibration equipment. Specialist dummies may 
cost three times as much. 
 
 

Figure 4. Demonstration of BL 1300 
Pedestrian Safety car with catcher, TRL, 1974 

(abergraffic) 
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Dependency of trajectory on test dummies 
It was long recognised that the critical non-fatal 
injuries to pedestrians involved lateral impact to 
the knee, and to some extent the pelvis, so 
attention is typically paid to simulating lateral 
impacts in specifically pedestrian dummies, and 
therefore to the design of the knee and hip joints 
for that mode.  Howard [1, 28], investigated many 
configurations of impact and the resulting 
trajectories. On impacting the pedestrian’s leg, the 
response is governed, besides the vehicle velocity, 
by the orientation relative to the vehicle.  
 
When facing away from the vehicle, the knee 
bends most easily, promoting a sitting posture as 
the upper and lower leg are propelled from under 
the torso before that in turn rotates backwards with 
the shoulders and head typically impacting the 
windscreen area, and then translates with the 
vehicle to a greater or lesser degree, depending on 
the pedestrian stature and the vehicle shape. 
  
When erect and facing towards the vehicle, the 
knee and hips have a limited range of motion in the 
direction of the vehicle, so the legs are less able to 
rotate relative to the torso and the mass of the legs 
and torso impose higher inertia and hence more 
damaging forces at the point of contact, and 
typically causes more rotation and higher impact 
velocity of the front of the head, again depending 
on the pedestrian stature and the vehicle shape.  
 
When the impact is lateral to the pedestrian, the 
closest knee is unable to rotate freely, but the hip 
is less restricted than in the last case and 
interaction with the other leg may increase the 
loading on the impacted knee. The legs may 
therefore rotate from under the torso to some 
extent, resulting in a motion between the other two 
cases. As the torso rotates down onto the vehicle in 
this case, the shoulder and possibly the elbow 
make contact before the head, which then rotates 
more violently, potentially increasing its impact 
velocity, both effects increasing risk of brain 
injury. Another effect of this sequence can be that 
available deformation of the bonnet in which 
energy can be absorbed in head impact may 
already been reduced by the shoulder impact, 
although whether the head velocity has been 
reduced thereby is highly dependent on many 
detail variables in the pedestrian and vehicle 
configurations.  Yet again, overall motion depends 
on the pedestrian stature and the vehicle shape, 
including the shape across the vehicle in plan. 
  

Further complications arise from the pedestrian’s 
posture: if the feet are not alongside each other, or 
if the pedestrian is facing other than perpendicular 
or parallel to the vehicle longitudinal axis, the 
pedestrian will be subjected to a torque about the 
vertical axis and will have a yaw component added 
to the trajectory.  
 
In a walking or running action, with only one foot 
on the ground, the motion will yet again be 
affected, in addition to the momentum transverse 
to the vehicle which may bring the torso and head 
into contact with laterally spaced locations on the 
vehicle, as also if the vehicle is turning sharply or 
in a spin. 
 
Given such variability, it is essential that as much 
useful information as possible is obtained from the 
scene of a collision, from the damage and marking 
on the vehicle, and from all the injuries inflicted 
on the pedestrian, not just the most serious.  In a 
number of cases, pre-existing damage on the 
vehicle, and in the majority of serious cases injury 
caused by contact with the road environment, 
and/or further impact with the primary or a 
secondary vehicle must be identified and 
eliminated from consideration of the initial throw 
trajectory reconstruction. 
 
In most cases maintaining the posture of the 
pedestrian dummy pending impact has involved 
either standing it on both feet with the ankle, knee 
and hip joints tightened to ensure stability which 
may then restrict dynamic responses during the 
impact event, or suspending the dummy in a 
sometimes unnatural dangling posture. In other 
work, a supporting structure has been used. In 
most cases care has been taken to ensure release 
just before or immediately on impact so that the 
motion thereafter is uninhibited by extraneous 
loads. For many years any need for data from the 
dummy involved a data cable which was 
vulnerable to snagging and damage, and could also 
affect the trajectory, but these problems are now 
circumvented by robust telemetry. 
 
Such considerations are evident in the literature, 
advising caution in applying throw equations to an 
investigation to determine impact speed, [for 
example, Otte, 29; Bhalla et al, 30; Happer et al, 
31], particularly when the speed range and impact 
configuration depart significantly from the data 
against which the equations have been validated. 
The derivation of throw distance, injury, damage, 
impact velocity, dummy biofidelity, etc., is inter-
dependent and a somewhat iterative process. 
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Before the advent of high quality continuous 
CCTV and traffic camera recordings that capture 
usable, accurate video footage, and potentially 
electronic data records from active pyrotechnic 
pedestrian protective device control units, some of 
the conclusions were unavoidably reliant on one or 
more intelligent assumptions. 
 
Alternative approaches. There is a major 
category of pedestrian ATDs which only represent 
parts of the anatomy of a pedestrian, thereby 
allowing subsystem experiments with vehicles 
without the careful set-up and inherent variability 
of trajectories associated with full dummies. The 
most widely encountered of these other devices are 
the leg, upper leg, child head and adult head 
impactors developed initially by the EEVC [10], 
then were adopted by EuroNCAP [27] and the EU 
for the Directive on the Protection of Vulnerable 
Road Users [33], and later by other administrations 
before incorporation in UN ECE Regulations [29] 
and several other NCAP protocols. Although 
controversial in some aspects of biofidelity during 
development, these impactors allow considerable 
mechanical robustness, repeatability, and economy 
suitable for development of injury mitigation 
through vehicle design measures.  The FlexPLI 
(ref) was developed by JARI to overcome some of 
the shortcomings of the above leg impactors by 
mimicking bending of the femur and tibia without 
reaching fracture, in addition to improved knee 
behaviour, and is being phased in by EuroNCAP, 
EU and UN ECE. 
 
A further development, proposed in conjunction 
with Howard and Thomas’s programme, but 
apparently not fully pursued anywhere, was to use 
bio-mechanically accurate, expendable physical 
models, for critical anatomical regions, using 
simulated bones [Sawbones, 35; Eckstein et al, 
36], organs and flesh [Kyle & Murray, 37], 
intended for realistic training of surgeons. The 
prime candidates for pedestrian crash dummies 
would be the femoral and tibial segments. 
 
A possibly unique development was the Rotational 
Symmetrical Pedestrian Dummy developed by 
INRETS and Chalmers Techniska Högskola 
[Cesari et al, 38]. This aimed to avoid the 
unpredictable dynamics of limbs and orientation to 
assist parametric experiments or generic accident 
reconstruction, and was particularly applied to 
bumper design and contact areas for the pelvis, 
upper body, and head. As its name suggests, it 
comprised a single vertical sequence of cylindrical 
metal segments covered in graduated foam to 

simulate the bone, flesh and internal organs, with 
single joints representing both the knees, both the 
hips, neck, etc,  
 
Finally, the BD pedestrian dummy has been 
developed to reproduce damage to the vehicle that 
is realistic and robust with replaceable parts, and a 
mostly wooden skeletal structure that looks more 
human-like than typical automotive dummies. 
Tendons can be tightened and a one-piece 
neoprene suit is fitted over all the other substitute 
tissues. [Weyde et al, 39] 
 
In every case, the dummies share one or more of 
the disadvantages concerning cost, robustness, 
biofidelity, applicability, availability, or 
repeatability. The majority of dummies must be re-
calibrated before use and after a defined time or 
number of tests, involving availability and 
expense.  Despite this, they each have advantages 
in one or more areas. 
 
A Practical Forensic Pedestrian Dummy  
There is clearly a space for a practical, low cost, 
readily available dummy – or indeed a range of 
dummies, for forensic reconstruction of serious or 
fatal collisions, where the depth of study is 
justifiable, but budgets are limited. Given these 
circumstances, it is surprising that more attention 
has not been directed to this issue, unless the 
urgency of particular cases is in conflict with 
constructing a meaningful research program and 
the unique nature of cases where existing methods 
are not conclusive does not promise a return on the 
investment in such a programme.  
 
While much of the research, and indeed the 
resulting legislation, has been directed at the 
largest proportion of real-world serious and fatal 
injury-accidents, which occur at urban areas at 
speeds around 40 km/h (24 mile/h), police 
investigations often involve cases of excessive 
speeds in urban environments, hence the forensic 
capability has to be correspondingly higher and 
therefore problematic for conventional dummies. 
The author is able to give limited details of an 
exception, which by coincidence had a number of 
close parallels to the Ford computer simulation 
projects, in that a Ford Focus Mk.1 was available 
from police resources and used for demonstration 
rather than a specific reconstruction. As there had 
been no joint planning, there were some minor 
differences in the test specifications, but also a 
large one: the impact velocity. 
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Prompted by a disputed serious car to pedestrian 
collision within London’s Metropolitan Police 
area, a reconstruction dummy was developed over 
three phases, and tested at the College of 
Policing’s Hendon site by Inspector Richard Auty.  
At the third iteration it was assessed as satisfactory 
by an independent external expert against a range 
of relevant requirements.  
 
The dummies were constructed by Ultimate Proof, 
with correct segment dimensions to represent the 
pedestrian in the case (table 1, generally using 
wood, articulated with simply hinged joints. The 
limbs are pre-tensioned by continuous chains 
connecting the extremities to the thorax, thereby 
allowing adjustment of the posture. The thorax 
itself is filled with a granular ballast, thereby 
simulating the internal organs’ mass and mobility 
to a certain extent. The head is moulded in a rigid 
dense material to the required size and mass, and is 
connected by a chain to the thorax, passing through 
a stiff rubber washer so that the chain tension can 
be adjusted to set the head posture. 
 
The cost of each dummy is in the range of 
GBP600–700 (around EUR900 or USD1000), a 
fraction of the cost of conventional dummies. 
At the stage of development at the tests addressed 
here, the hip movement was restricted so as to 
maintain standing posture, but has since been 
upgraded. Also subsequently, a number of adult 
and child dummies have been produced (see table 
1 and figure 1) and demonstrated in various tests 
including as cyclists. 
 

Table 1. 
Main Specification  50%AM FE model 

(Howard) and Test Dummy (Ultimate Proof) 
 

Parameter  FE Model Dummy 

Total Mass (kg)          78.15 78.0 
Overall Height  (m)    1.75 1.75 

 
 
Simulations and Tests 
The sources for the test information, pre- and post-
test photographs, standard and high speed video 
recordings are the ITAI Crash Day at 
Bruntingthorpe Airfield, Leicestershire, UK in 
June 2013 [6, 7, 8]. The ITAI is a professional 
body with a membership of current police, and 
retired police, research, and other traffic collision 
investigators. The purpose of the event is to stage 
crashes in an otherwise safe environment that is 
neither a public road nor a crash laboratory, for 

training, continual professional development and 
research. A variety of drivable used vehicles from 
various sources are selected according to expressed 
needs or themes of each event. Tests may be 
devised to provide insights that are not available 
from mainstream laboratory certification and 
consumer-rating testing, for example lower or 
much higher speeds, different target vehicle 
orientations, or special vehicles such as an 
ambulance. 
Preparation typically involves, remote-control  
steering, speed and braking control, and marking 
up for film analysis. The vehicles are run under 
their own power for a considerable distance for the 
seed to stabilize, accompanied by a control and/or 
chase car(s) to ensure safe abort in the event of a 
failure or when the vehicle under test continues to 
run after impact. For the pedestrian and cyclist 
tests, the vehicle may be fitted with a protective 
grid and driven normally by an onboard human 
with a full-face crash helmet. 
 
Records of the impacts are made using standard 
and high-speed video at various trackside locations 
and, in some cases, onboard cameras, and stop-
frame cameras. Still and video cameras are used to 
record the vehicles before and after the tests.  
Instrumentation comprises standard police-issue 
hand-held radar detectors, and some onboard 
instrumentation such as accelerometers and 
original equipment electronic data recorders where 
fitted. Specific equipment may be involved for 
some tests particular purposes such as different 
technologies of speedometers to compare actual 
speed, and post-crash ‘frozen’ indications. 
 
Six of the tests [see table 2] on the event covered 
here included pedestrian dummy impacts. As can 
be seen, there is one case that is very similar to a 
case simulated much earlier by Howard [2]. 
However, the possibility of making the 
comparisons in this paper was only recognised 
during the event, and as has been mentioned, no 
prior coordination was possible.  

Table 2. 
Test conditions 

 
Test 
no. 

Vehicle Dummy Impact 
(km/h) 

Throw 
(m) 

2 Ford Focus  Child 76 <1.0 
2a Ford Focus Child 76 25.5 
4 Ford Focus Adult 55 18.5 
5 Toyota Avensis Adult 55 25.1 
8 Toyota Avensis Child 84 36.0 

10 Ford Mondeo Adult 72 36.7 
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Table 3. 
Ford Focus/AM50 computer simulation 

conditions 
 

Offset 
0.5 m 

Impact 
Velocity 

Brake 
pitch 

 
mm 

Deceleration 

Sim. 
no. 

Km/h g 

B08 25 0.0 0.0 
B04 25 0.0 1.0 
B12 25 -70 1.0 
B06 40 0.0 0.0 
B02 40 0.0 1.0 
B10 40 -70 1.0 

 
RESULTS 
 
Computer Simulation 
Existing results for the Ford computer models [1, 
2, 10, 12, 13] have been used. The closest 
comparison is between test number 4 and 
simulation B10, both have the adult dummy 
standing with feet in line with each other, facing 
the left side of the vehicle pathway and struck by 
the Ford Focus near its left side while diving under 
heavy braking, albeit at an impact speed of 54.7 
km/h (34 mile/h) in the test and 40 km/h in the 
computer simulation. 
  
The level of detail in the computer model 
precludes simulation of the complete pedestrian 
trajectory within the resources available for the 
comprehensive research programme. Once 
interaction between the vehicle and the humanoid 

has ceased, the motion in most cases does not need 
representation of the vehicle, nor the internal detail 
of the pedestrian, and a MADYMO model could 
take the final FEM positions and velocities of the 
body segments as initial conditions to simulate the 
rest of the trajectory  
 
Howard [2] compared the effects of different 
locations of the pedestrian across the front of the 
vehicle, different postures, impact speeds, and the 
effects of brake pitch and deceleration. Of interest 
here is the effect of pitch at an offset of 500mm 
with and without pitch (see figure 5). Brake dive 
leads to less rotation of the pedestrian about its 
vertical axis and more about its fore-aft axis, 
implying more rotational energy transferred due to 
the lower leg contacts; longer throw distances were 
also predicted with pitch than without. 
 
Four representative simulation outputs for case 
B10 at 0.05 second intervals show the main stages 
of the impact sequence (see figure 6). 

Firstly the knee has rotated outwards allowing the 
tibia and femur to wrap over the front; at 0.10 sec. 
lower leg has lost contact, the vehicle has slid 
beneath the femur, the pelvis is in contact with the 
bonnet and the elbow has contacted the rear of the 
bonnet and near the cowl area; by 0.15 sec. only 
the thorax via the upper arm is in contact with the 
vehicle; finally, the head strikes close to the A-
pillar about midway up the windscreen. 
 
Physical Test 
The results published by the ITAI on DVD 
comprise standard and high-speed video played 
back at standard speed as well as time-lapse stills, 
pre-test and post-test photos of the vehicle and 
laser scans of the vehicle and complete crash 
scene, the last item shows the initial and final 
positions of the dummy and the rest position of the 
vehicle, confirming the throw distance as 18.5m. 
The speed of impact was 34 mile/h (54.7 km/h, 

Figure 6. Simulation of Ford Focus transverse 
impact with standing AM50 humanoid offset 

500mm at 40 km/h with 1g deceleration and 70mm 
brake dive 

Figure 5. Effect of -70 mm brake pitch: impact 
velocity 40 km/h, vehicle deceleration 1.0g:      

top  no pitch; bottom with pitch 
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15.2 m/s), 37.5% higher than the 40 km/h of the 
simulation. 
The available data does not quote an actual offset, 
and it is difficult to differentiate the bumper-to-leg 
impact location for the child and adult pedestrian 
dummies from photographs, but they appear to be 
between 600 and 680mm from the centerline. 
The DVD format had a number of drawbacks for 
analysis, so access to the original high speed video 
file was generously made available. The DVD 
screen aspect ratios and nominal frame rates differ 
from the original video, and adapting a nominal 30 
fps to 25 fps by normal DVD production methods 
involves rejection of some frames and appears in 
video editing software to duplicate others, not 
necessarily in the correct sequence. Although the 
sequencing and duplicated frames can be rectified, 
the missing frames could not, and interpolating 
stochastic events is unsatisfactory. 
Using techniques developed by the author for high-
speed video from crash laboratory tests with 
airbags, the main features of the dummy and the 
vehicle have been (see figure 7).  Note that the 
profile shown extracted of the vehicle front is not 
the side view outline, but is a close approximation 
to the profile at the lateral coordinate of the 
estimated point of initial contact with the dummy 
leg.  

The timing of the main contact events (see figure 
8) was calculated using the nominal frame rate of 
1,000 fps replayed at 29.95 fps.  The pelvis contact 
shown in figure x4 takes place at 0.019 s after 
initial lower leg contact, whereas the simulation 
contact takes place at 0.050.  The remaining 
frames shown all are calculated as even quicker 
than the simulation for reasons yet to be identified.   
It was noted that the vehicle had fully pitched due 
to braking before it entered the video frame, the 
rear wheels rotated in contact with the ground 
throughout, but that the front wheels only locked 
as the dummy finally lost contact (head to 
windscreen) and launched into the final trajectory. 
At the same time, the vehicle pitch reduced.  The 
vehicle continued to decelerate until it was going 
slower than the estimated centre of gravity of the 
cartwheeling dummy. 

The vehicle had already performed a test at the 
same nominal offset with the child dummy and had 
accordingly sustained visible damage to the 
bumper skin, bumper trim insert, headlamp casing, 
bonnet behind the headlamp and over the 
suspension strut turret, wiper blade and bottom 
corner of the windscreen. A photo taken during 
preparation the day before also shows some 
marking, possibly damage to the same area of the 
bumper. The vehicle was also scheduled for a later 
high-speed lateral impact by a Honda Civic at 61 
mile/h, so time did not permit a deeper inspection.  
Following the test with the AM50 pedestrian, it 
was not possible to discern much damage caused 
by that test over and above the child dummy 
impact, apart from the almost completely separate 
impact crater on the windscreen from the adult 
head.  
 
A lack of much change in the damage caused by 
the child dummy test after the adult test was 
assumed to be because the bumper and bonnet, 
possibly also the headlamp, had either already 
bottomed out against the underlying components 
and therefore could not undergo further distortion, 
or were resilient enough to recover to the same 
extent from both impacts. On closer inspection of 
the video, it can be seen that there is a gap between 
the torso and the car for almost all the time after 
the pelvis impact, in agreement with the lack of 
further scuff marks from the adult impact. In fact, 
the simulation may show the same behavior, (see 
figure 8) although it is difficult to see if the 
humanoid is deforming the bonnet or if the visible 
profile of the bonnet, at the centerline, is masking 
the free movement of the torso and arm above the 
outboard area of the bonnet where it is lower.  

Figure 8. Physical test of Ford Focus transverse 
impact with standing Ultimate Proof dummy at 40 
km/h with 1g deceleration and 70mm brake dive 

Figure 7. High Speed Video frame showing 
extracted features of impact of Ford Focus into 

Ultimate Proof dummy 
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In the high-speed car-to-car impact, the violent 
rotation of the Focus causes the left headlamp and 
bumper corner, neither of which contacted the 
Honda, to move noticeably relative the rest of the 
vehicle, indicating that the bumper had already 
sustained damage and that the headlamp had been 
pushed in as intended by one or both prior 
pedestrian tests.   
 
DISCUSSION 

Comparing the physical and simulated impacts, it 
can be seen that the overall motion is very similar, 
with deviations mainly in the later stages of leg 
motion. This is to be expected because the higher 
speed of the test imparts a more rapid rotation of 
the legs about the pelvis before the torso is fully 
accelerated, due to the joints’ stiffness and leg 
segments’ masses relative to torso inertia. Not only 
is the gross motion in broad agreement, the contact 
locations and modes are noticeably correlated. 
Where the comparison perhaps disappoints is in 
the quantitative aspect, not so much as 
disagreement but in the difficulties caused by lack 
of data.  On the one hand, the time elapsed since 
the work of Howard and colleagues, and the 
impracticalities of storing large amounts of 
simulation output data, it was not possible to 
retrieve individual simulation results of interest to 
this study, such as start and end timings of contacts 
between the vehicle areas and the pedestrian 
segments for this individual case, the results for 
which were published in aggregate. Normal 
practice is to retain the models and re-run the 
simulations when necessary, and a certain amount 
of work would be necessary to modify the model 
to run with current versions of the FE software. 
That facility and the resources were unavailable at 
this time. 

On the other hand, the purpose of the ITAI Crash 
Day is a blend of training and demonstration for 
the benefit of practicing road traffic collision 
investigators, together with an element of research. 
The information to be acquired is therefore 
designed to provide a known reference baseline 
against which post-collision investigation 
procedures and skill levels can be assessed. The 
test environment for this exercise is therefore more 
of a safe and secure version of a real-world crash 
location than like a typical crash test laboratory 
used primarily for product development to meet 
legal, corporate, consumer and insurance 
performance targets. Procedures have evolved to 
give the highest possible consistency and quality 
of results. Vehicles and dummies are intensively 

instrumented as required, and prepared for 
maximum contrast for high speed video analysis, 
the lighting is intense and the test area is optimized 
again for best clarity of video output. Although the 
child dummies were dressed in overalls having a 
high contrast against the dense foliage in the 
background, the dark blue of the adult overalls 
were not as helpful. The looser fit overall is more 
representative of the real world than the tight-
fitting thin cotton garments prescribed by crash 
test legislation, but caused difficulty in discerning 
the dummy motion inside the clothing.  To avoid 
confusing reflections, particularly of dummies on 
the surface they are approaching, test vehicles are 
often covered in contrasting matt paints, despite all 
of which neither manual nor automated video 
analysis is entirely straightforward. Finally, the 
data acquisition and processing pathway is planned 
for effectiveness and efficiency. 

Beyond this, even with the original high-speed 
video, frame rate and frame count discrepancies 
currently attributed to incompatible software have 
made conclusions on timing of the stages of 
dummy motion difficult to reach with confidence: 
work therefore continues. 

A further, unexpected, issue was that the crash test 
markers at intervals along the side of the car were 
too distorted and blurred to assist scaling the high-
speed video; instead, the wheelbase was used to 
scale the images, the wheel centres being easier to 
determine. It must be remembered that accuracy 
can be compromised by the kinematics of the 
suspension during braking or steering which 
causes the instantaneous wheelbase to change.  
This was not seen as a significant effect on the 
Focus, and no compensation was applied. 

Both the computer simulation and the dummy had 
been validated previously to a satisfactory level so 
validation was not a consideration here, and the 
happy coincidence of a test closely corresponding 
to a pre-existing simulation was seen as an 
opportunity to understand the relative limitations 
of each, particularly in regard the ongoing issue of 
pedestrian throw distances as an indication of 
vehicle velocity which has a history of many 
decades. There is however some evidence here of 
consistency of pedestrian contact locations on the 
vehicle despite differing speeds, confirming 
Howard’s assertion that initial impact locations, 
and pitching, can have a significant effect on throw 
distance, also implying that vehicle shape and 
vehicle energy  absorption are similarly influential. 
This merely confirms the many opinions in 
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literature already cited that procedures and 
equations are reliable but only within stated, or 
even unstated, domains. 

It was not possible to ascertain the exact reason the 
front wheels only locked when they did, as the 
dummy head impact and rebound reaction appears 
to have a direction that would pitch the front 
upwards. The suspension and damping would need 
to be investigated to answer that question. 

During the earlier Jaguar and Ford research, field 
cases [Morris et al, 3] highlighted the importance 
of fracture of the tibia to both the injurious 
contacts and the trajectory. Until Yang’s 
improvements [40] with a multi-segment lower 
leg, MADYMO did not represent that behaviour in 
a model. However, to allow a simulation to 
determine the point of failure in a non-arbitrary 
manner, Howard had used the finite element 
approach [1]. These two approaches have since 
converged to a great extent [see for example van 
Rooij et al, 41], though each still has its 
advantages and disadvantages particularly in 
computing resources and flexibility, so that the 
combination of FE for detailed interaction and 
MADYMO for overall responses is often 
employed.  

CONCLUSIONS 

A comparison was made between a previous 
computer simulation and a coincidentally similar 
test with an expendable low-cost dummy. The 
simulation represented a 50th percentile adult male 
humanoid pedestrian struck by a Ford Focus Mk.I 
at 40 km/h with an initial contact 500mm to the 
left of the vehicle centerline. The pedestrian faced 
perpendicularly away from the centerline in an 
upright stance with its feet in alongside each other. 
The test was exactly the same configuration except 
the speed was 55 km/h and the offset was between 
600 and 680mm. 

Although the motion of the dummy and the 
humanoid were very similar until after head impact 
to the windscreen, the legs of the dummy 
increasingly rotated further throughout and 
especially during free flight.  This is believed to be 
due to the legs being accelerated faster because of 
the higher speed of impact, while the pelvis impact 
was less sensitive to the speed due to the lower 
front of the vehicle. 

It was not possible to obtain reliable timing for the 
physical contact events, which will be addressed, 
nor was a complete trajectory available from the 

simulation.  However, the results add to the 
growing and conflicting pool of evidence 
regarding the relationship between vehicle speed 
and throw distance in real world pedestrian 
collision cases, and many other factors of vehicle 
shape, stiffness, pitch due to braking, the 
deceleration itself, orientation and action of the 
pedestrian before and at impact. 
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ABSTRACT 
 
This technical paper will discuss the development of the new Elderly ATD. This ATD was developed to represent a 
population with increased vulnerability to injury. The Elderly ATD will provide vehicle manufactures with new 
tools to evaluate future designs and provide insight on ways to enhance safety measures for their products. 
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INTRODUCTION 

The Center for Disease Control and Prevention 
(CDC) stated that in 2012, there were approximately 
36 million drivers 65 or older in the United States.  
They reported an average of 586 older adults are 
injured every day in crashes. [1] Drivers 65 and older 
are expected to be one fifth of all drivers by 2030. 
The prevalence of medical impairments, including 
cognitive deficits, rises with age, along with 
decreased strength of bones and internal organs, 
which may increase both susceptibility to injury in 
crashes and driving errors that lead to crashes. [2] 
Anthropomorphic Test Devices (ATD) are designed 
to simulate the weight, proportion and kinematics of 
the human body. Equipped with instrumentation, an 
ATD provides real time feedback used to assess the 
design of vehicle safety measures and evaluate injury 
occurrences in the occupant(s). The question that will 
be addressed in this study is what type of ATD 
should represent elderly people and what type of 
additional injury measures are needed as compared to 
current ATD’s.   

Humanetics enlisted the International Center of 
Automotive Medicine (ICAM), Injury Biomechanics 
Research Center of the Ohio State University 
(IBRC), University of Michigan Transportation 
Research Institute (UMTRI) and the SENIORS 
(Safety ENhancing Innovations for Older Road 
userS) project in Europe (http://www.seniors-
project.eu/) to determine the answer to the question.   
The anthropometry requirements for the Elderly ATD 
was determined by ICAM’s database to be 70 years 
old, female, and weighing approximately 73 kg with 
a stature of 1.61 meters. This represents individuals 
who are most likely to be injured.  The UMTRI 
statistical body model was used in establishing the 
external shape of the ATD, while the inside organ 
shapes and positions from the ICAM’s magnetic 
resonance imaging (MRI) scans provided guidance 
with the design of the internal organ shapes and 
positions. The experience designing and testing the 
Obese ATD [3] was also used to review kinematic 
and flesh stiffness requirements for this new ATD.  

The prototype ATD was developed with advanced 
3D modeling and cutting edge 3D printing techniques 
and materials.  Utilizing the latest methods of 
manufacture and materials available permitted new 
freedoms of design for flesh, organs, ribs, etc.    This 
greatly reduced the amount of time required to 
manufacture and develop parts; giving flexibility for 
updates while reducing the need to make and change 
standard manufacturing tooling.   

PMHS match pair testing, sled testing, and 
certification type testing will be conducted to 
determine the performance of the ATD, while also 
investigating durability, repeatability and 
reproducibility of this new process of ATD 
development. The technology utilized in the Elderly 
ATD can be applied to further prototyping as well as 
providing insights for future ATD development. 

Design Overview 

The Elderly ATD was designed using the 
anthropometric data developed by International 
Center of Automotive Medicine (ICAM) and 
University of Michigan Transportation Research 
Institute (UMTRI).  Figure 1 shows the first Elderly 
ATD prototype.   

 

Figure 1. Elderly ATD 

The current prototype utilizes the head and neck from 
the WorldSID Small Female, and lower arms, hands, 
knee and feet from the Hybrid III Small Female. The 
remainder of the ATD, including the flesh, are newly 
designed to meet the requirements for the Elderly 
ATD anthropometry.  This paper will examine the 
design of the new Elderly ATD, the Anthropometry 
used, segment detail, preliminary components, and 
sled testing. 

Anthropometry Targets 

Overall Size and Weight Targets 
 
The anthropometry for the elderly was developed by 
two sources, ICAM and UMTRI.  The first step was 
to develop the size required for an Elderly ATD 
based on the ICAM motor vehicle database as well as 
the University of Michigan Adult Trauma Registry.  
ICAM personnel statistically analyzed data for 
clarifying the target of an elderly model.  They found 
80 females whose ages are from 67 to 73 with a mean 
height of 1.61 meters and with a mean weight of 72.8 
kg. From the ICAM/CIREN population the numbers 
turn out to be (see Table 1): 
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Table 1. ICAM/CIREN Population Summary 

N Avg. 
age 

Avg. Ht 
(cm) 

Avg. Wt 
(kg) 

Avg. 
BMI 

30 69.8 159.6 75.9 29.5 

 

From the Annual Estimates of the Resident 
Population by Single Year of Age and Sex for the 
United States: 2015 Population Estimates from the 
U.S. Census Bureau, the 50 percentage female was 
around 70 years old (see Table 2). 

Table 2. Annual Estimates of the Resident 
Population by Single Year of Age and Sex for the 
United States: 2015 Population Estimates  (U.S. 

Census Bureau) 

 

Based on the results of these reviews of the databases 
it was decided that the target values for the new ATD 
would be a 70 year old Female with a 1.61 meter 
stature, 73 kg total weight, and a Body Mass Index 
(BMI) of aproximately 28. 

External Shape  

Once the overall size and weight was established, the 
next step was to determine the shape of the ATD by 
using the UMTRI Statistical Body Shape Models 
(SBSMs) (see Figure 2).  The ATD was segmented in 
a way to depict the ATD, to determine the segment 
masses and overal center of gravity of the ATD 
required.  The table shown in Figure 2 shows the 
target segment weights, including the overall target 
center of gravity for the ATD. 

 

 

Figure 2 Results from the UMTRI SBSM 

 

Combining MRI Scans and UMTRI Shape 

From ICAM, the MRI scans were provided for this 
size of person to determine rib cage shape, organ size 
and placement, and flesh thickness.  The scan was 
overlaid with the body shape to determine how to 
combine both sets of data into one ATD (Figure 3). 

 

             

Figure 3. Overlay of ICAM Scans and UMTRI 
Body Shape 

Since the body shape was in the seated position and 
the ICAM scans were from the supine position, it was 
necessary to determine how to use one with the other.  
As shown in Figure 4, scans were placed at different 
body landmarks provided with the UMTRI models.  
Using this method the locations of the ribs, organs, 
spine, and pelvis were determined.  
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Figure 4. Overlay of ICAM MRI Scans into UMTRI 
Body Model 

It was also seen that the flesh is different from the 
supine to the seated posture as shown in Figure 5.  To 
determine if the organs moved as much as the flesh, a 
PMHS was dissected at The Ohio State University 
lab and repositioned from supine to the Automotive 
Seated posture (Figure 6). 

 

Figure 5. Comparing Scans to Outer Shape 

It was determined that the liver and spleen movement 
was negligible and substantiated the use of MRI scan 
data for positioning.  It was also determined that the 
flesh moved similarly to what was shown in Figure 5. 
Therefore, supporting the use of UMTRI’s body 
model for the external body contour.  

 

Figure 6. Comparison of Supine and Automotive 
Seated Posture using PMHS 

ATD Design 

The design was guided by the scans and shape to 
locate organs, spine, rib shape and size, and flesh 
thickness throughout the entire upper and lower torso 
and upper legs.  As determined from the 2015 
Humanetics Obese ATD project, it was important to 
provide the correct flesh thickness since this will 
determine where the seat belt would lie and how 
much the belt will need to travel through before 
coming in contact with hard skeletal structures.  
Figure 7 shows the overall design of the Elderly 
ATD.  Each segment was chosen or designed to meet 
the Anthropometric requirements.   

 

Figure 7. Overall Elderly ATD Design 

The ATD was made up of standard parts for the head, 
neck, lower arms, pelvis bone and knee. New designs 

T7 

L4 

L5 

T10 
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were created for the rest of the ATD.  The following 
is a description of the design for each segment. 

Head and Neck 

It was determined that the head and neck from the 
current WorldSID Small Female would be used on 
the Elderly ATD.  The head size and weight are 
similar to the body shape model. The head coupled 
with the current neck, provides potential frontal and 
side responses which would be reviewed during the 
testing of the ATD in different configurations  Figure 
8).  

 

Figure 8. WorldSID Small Female Head and Neck 
on Elderly ATD 

 

Shoulder Design 

The shoulder design for the Elderly ATD consists of 
a clavicle, sliding scapula, and a ball joint for the arm 
attachment (Figure 9).  The clavicle and sliding 
scapula design was chosen based on a Humanetics 
child ATD design completed in 2010.  Humanetics 
impact testing showed that this design could be used 
for both frontal and side configurations. The scapula 
is mounted to the ATD by rubber blocks which 
permit the shoulder to move in all directions.  The 
arm attachment is a ball joint to provide the range of 
motion and is compact in design.  All the pieces of 
the shoulder are made using additive (3D printing) 
manufacturing techniques. 

 

Figure 9. Upper Torso Shoulder and Rib Design 

Spine Assembly 

The spine consists of four major sections (see Figure 
10).  The neck and shoulder mount, the upper flexible 
joint, the main body, with the standard thorax load 
cell, and the segmented lumbar spine.  The spine was 
made by using additive manufacturing techniques.    

Large Child Design

Floating Shoulder 
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Figure 10. Spine Assembly 

The neck and shoulder mount and main body are 
made from 3D printed aluminum.  Integrating the 
shoulder mount and neck bracket was made easier 
and in one piece with the utilization of 3D printing 
techniques.  Also the main body had sections 
designed to accommodate four IRTRACC’s.  The 
upper flexible joint and lumbar spine are fabricated 
from 3D printed rigid plastic plates with 3D printed 
rubber like discs in between.  The load cell is a 
standard Hybrid III Small Female Thorax load cell.  
Tri axial accelerometers can be mounted at the front 
of the spine box and at T-12 locations. 

Thorax and Abdominal  

The thorax is a major injury location in motor vehicle 
crash occupants. Thoracic trauma is the principal 
cause of 30% of road traffic deaths3. The thorax 
contains a variety of critical physiological processes. 
For example, housing the primary elements of the 
respiratory and circulatory systems. The rib cage 
protects the inner organs, including the liver, spleen, 
kidneys, and stomach. It is evident that the chest, 
more than any other body region, is particularly 
vulnerable to crash injury as the subject ages. The 
total injury rates are higher in elderly motor vehicle 
crash occupants than in younger occupants and there 
are significant differences in their respective injury 
patterns, particularly thoracic, in incidence and 
severity. [4] 

The thorax and abdominal sections of the ATD are 
developed together as a system approach and not two 
independent assemblies connected together.  The goal 
was to develop the rib cage, liver and spleen system 
which met the location and size requirements based 
on the MRI scans provided from ICAM.  The rib 
shape, organ size, and placement is patterned after 
the MRI scan from ICAM.  The overlay aligning 

body landmarks from the UMTRI shape with the 
MRI scan provided the information needed to 
develop the rib cage and organ design (see Figure 
11). 

 

Figure 11. Rib Cage Scan Used to develop Rib Cage 
Design 

The ribs are designed to use constrained layer 
damping in place of the standard free layer damping 
conventional crash dummies have used for years.   
The design consists of a rib with two bands of a 
spring like plastic material connected on the ends and 
rubber like damping material placed in the middle 
between the bands (Figure 12). 

 

 

Figure 12. Sample of Elderly Rib Design 

 

To eliminate the conventional jacket and foam pieces 
used in existing dummies, each rib was provided with 
a slip on soft plastic layer covering the rib while 
providing the outside contour shape required.  This 
permits the ribs to move more independently from 
each other from side to side and top to bottom.  A 
tailor fitted neoprene jacket with a durable Cordura 
chest cover is then added over the ribs to smooth the 
contour (Figure 13). 

Neck and shoulder mount

Upper flexible Joint 

Main Body with Load Cell 

Segmented Lumbar Spine 

Plastic bands on the outside and inside 

Rubber Like material added between the bands 
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Figure 13. Thorax Rib Coverings 

The organs chosen to be represented in the Elderly 
ATD are the liver and spleen.  Research has shown in 
the AIS ≥ 3 category, the liver was the most 
frequently injured organ in frontal, right side and far 
side crashes; this was followed by spleen trauma. In 
contrast, the spleen sustained the maximum number 
of injuries in left and near side impacts. [5] More 
biofidelity in this region provides greater insight on 
potential injury criteria.  

The abdominal cavity is the largest cavity of the 
human body. The liver is largest internal organ 
through which about 1.5 liters of blood flows each 
minute. This makes any injury or laceration to the 
organ a potential for large amounts of blood to leak 
into the abdominal cavity. The spleen also has a rich 
blood supply and bleeds extensively when injured. 
[6] 

To determine deflection of these organs, the lower 
IRTRACC’s of the ATD went through the liver area 
and just above the spleen.  Additional deflection 
bands (connecting IRTRACCs) were added in front 
of each organ to also capture deflection directly in the 
liver and spleen areas (Figure 14). 

Figure 14. Organ Layout in the Elderly ATD 

The liver and spleen are designed to be adjusted as 
more testing and biomechanical data becomes 
available.  They are designed to represent the overall 
shape and size of each organ, but are made with an 
internal hex pattern so that stiffness can be adjusted.  
The parts are 3D printed from a rubber like material 
(Figure 15). 

 

Spleen 

Liver

Lower IRTRACC’s

Abdominal IRTRACC’s 

Flesh 

Rear Organ support  

Abdominal Rib

Spleen
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Figure 15. Design Concept of Liver and Spleen 
Structures 

Preliminary modeling has also been done to 
experiment with different sizes and shapes of the 
structure to adjust the stiffness as required.    The 
flesh to locate the organs is based on the UMTRI 
outer shape and is 3D printed from a soft rubber like 
material with additional structural holes under the 
skin to adjust stiffness as necessary (Figure 16). The 
liver was divided into two parts to permit the 
IRTRACC to go through the center of the liver area.  

 

 

Figure 16. Abdominal Flesh with Organs 

Pelvis 

The pelvis consists of a standard Hybrid III Small 
Female bone, upper femurs, ASIS load cells, and 3D 
printed soft rubber like flesh (Figure 17). 

 

Figure 17. Pelvis Assembly 

The stiffness of the flesh is controlled by the material 
and internal coring to vary the stiffness from side to 
side, bottom, and front areas of the pelvis.  The small 

Rear Abdomen Flesh

Front Abdomen Flesh

Spleen

Liver
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female bone was used due to the fact that the ASIS 
lateral spacing was similar to the spacing provided in 
the body land marks from ICAM and UMTRI. 

Upper Legs 

The upper leg structure consists of a standard Hybrid 
III Small Female leg bone slightly extended to match 
the 1.6 m stature.  The knee assembly is the Hybrid 
III Small Female knee assembly. The external shape 
of the thigh flesh is designed to match the shape of 
the UMTRI shape model in the pelvis area and then 
match the standard knee flesh on the other end 
(Figure 18). 

 

Figure 18. Elderly ATD Leg Assemblies 

 

Lower Legs 

The lower legs are standard Hybrid III Small Female 
design but extended 24 mm to match the UMTRI 1.6 
m profile. Therefore a new flesh is 3D printed. The 
design allows for the fitting of upper and lower tibia 
load cells. The foot is standard HIII. 

Arms 

The arms consist of a standard lower arm and hand 
assemblies from the Hybrid III Small Female and 
upper arm has a new upper arm bone, which is longer 
than the standard Small Female arm to meet the 
length of the UMTRI arm and is made from a 3D 
printed rigid plastic.  The flesh of the upper arm 
contains a standard upper arm flesh from the Hybrid 
III Small Female with a 3D printed soft rubber like 
material at the top to cover the area that was 
lengthened (Figure 19). 

 

Figure 19. Arm Assembly for Elderly ATD 

 

Instrumentation Available for Elderly ATD 

Table 2 contains a list of possible instrumentation 
available for the current version of the Elderly ATD. 

 

Table 2 
Current Instrumentation for Elderly ATD 

 

Transducer Type Dummy Location No of Channels
Accelerometer Head (World SID SF 

mount) 
3 

Upper Neck Load 
Cell 

Head (World SID SF) 6 

Accelerometer Thorax 3 
Mid Spine load cell Std. THOR spine load cell 6 
Accelerometer T12 3 
IRTRACC Thorax (4) 3 channel 

type 
Tilt sensors Thorax T4 1 
IRTRACC Abdomen/Organ/Pelvis (2) 1 channel 

type 
Accelerometers Pelvis Cavity 3 
Iliac Wing Load 
Cells 

Pelvis 3 each

Femur Load cell Upper Leg 3 or 6 channel 
type 

Knee slider 
Potentiometer  

Knee 1 channel each 
side 

Lower leg load 
cells 

Lower Leg Up to 6 
channels each 
side 

 

 

 

Completed ATD Verifications 

This image cannot currently be displayed.

Std. Small Female lower arm and hand

3D printed upper arm bone

3D printed upper flesh cap
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ATD Anthropometry  

The ATD weight compared to the targets, after 
adding ballast, is shown in Table 3. 

Table 3. 
 Weight Summary vs Targets  

 

Segment 
Current Weight 

of ATD 

UMTRI Date 
Segmented         

like ATD (targets) 

  

Head 3.75 3.8 

Neck 0.263 0.9 
Upper 
torso 21.09 19.1 
Pelvis & 
Abdomen 29 29.7 
Upper 
legs 8.3 8.2 
Lower 
legs & 
Feet 8.14 6.6 

Arms 3.1 4.9 

TOTAL 73.643 73.2 
 

Current Component Testing to date 

Thorax Impacts 

Thorax impact testing (Figure 20) was performed to 
review the initial response of an ATD of this shape 
and size. Additionally, the impact results will create a 
picture of what to expect from 3D printed parts, and 
serve as a baseline for expectations moving forward. 

It was decided to impact the EATD with the standard 
23.4 kg pendulum used to impact the Hybrid III 50th 
Male ATD, since these two ATDs are the closest in 
weight.  This size pendulum exposed the EATD to 
higher levels to review the durability of the system.     

 

Figure 20. Thorax Impact Testing 

The results of impacting the thorax at 4.3 m/s is 
shown in Figure 21.  Peak deflections are 30 mm 
with peak forces at 3400 N.  The hysteresis is 76%.   

 

Figure 21. 4.3 m/s thorax impact results  

Next, lower oblique impact tests were conducted to 
develop a baseline result for this area of the ATD as 
well.   These tests were also conducted with the 23.4 
kg pendulum at 4.3 m/s (see Figure 22). The peak 
deflection was just over 30 mm and the peak force 
almost 4500 N. 
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Figure 22. 4.3 m/s Oblique Thorax Impact Test 

 

Side Impact Sled Testing Results 

The Elderly ATD was taken to Honda in Ohio to be 
tested in a side impact sled test.  The test was at 50 
kph with a side air bag, seat and door panel (Figure 
23).  One test was conducted to provide a baseline of 
side impact performance for durability and to 
compare with PMHS later this year.   

 

Figure 23. Set up of Elderly ATD in Side Impact 
Test Fixture at Honda 

The Ohio State University provided a 59 channel 
chest band to provide shapes during the sled test, see 
Figure 24 of chest band on the ATD.  The ATD 
contained 4, 3 channel IRTRACC’s positioned on the 
right and left side of rib 3 and 6.  Two other single 

axis IRTRACC’s were placed in the pelvis to 
measure abdominal intrusion.  

 

Figure 24. Chest band installed on Elderly ATD 

 

Test Results 

Baseline Data from the data channels 

Figure 25 provides the sled pulse which was used in 
the sled testing. 

 

Figure 25. Sled Pulse (G’s) 

Figure 26 provides the ATD X direction of the 
ITRRACC’s for right and left rib 3 and 6.   The left 
Rib 3 X axis had the most deflection of 20 mm with 
lowest being the right rib 6 data.  The belt moved to 
the left during the test.  The rotations about the Z axis 
on the IRTRACC’s are shown in Figure 27.  The 
largest motion in the Z-axis was the IRTRACC on 
the left side on rib number 3.   Right Z on rib number 
6 failed. 
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The experimental abdomen/pelvis deflection 
measurements, shown in Figure 28, did respond as 
planned to provide deflection data across the pelvis 
and abdomen areas of the ATD.  

 

Figure 26. Left and Right X direction Results from 
IRTRACC’s (mm vs msec) 

 

Figure 27 Left and Right Z direction results from 
the IRTRACC’s (Degree vs msec) 

The right side shows more deflection then the left 
side, 5 vs 1.5 mm.  This result matched the direction 

of the ATD sliding toward the right side into the 
buckle as shown in the films.  

 

Figure 28. Right and Left Side Abdomen/Pelvis X 
axis IRTRACC’s (mm vs msec) 

 

Chest Band Results 

The 59 channel chest band provided baseline 
information of how this ATD performed in a pure 
side impact test.  These results will assist in the 
development process to make a better omni-
directional ATD. Figure 29 provides a sequence of 
shapes during the test. 

 

Durability Results 

Two items were seen during the testing, one is that 
the right arm broke off at the ball joint when the arm 
was free to flail (Figure 30) coming across the thorax 
and striking the inner door.  The second item was the 
left scapula which fractured during the test due an 
inadequate amount of clearance between the scapula 
and the neck bracket. 

 

Figure 30. Post Test 
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Time Zero 

 

     

Figure 29. Chestband Data (mm) 

 

 

CONCLUSIONS 

The 3D printing process has been shown to be an 
invaluable tool to design and develop crash dummies 
without the need to develop molds.  Durability has 
been shown to be good in some areas but some areas 
need improvement, so different materials, such as 
printed materials with Kevlar or Carbon Fibers, will 
be used. The many materials available today and 
more tomorrow will continue to advance the process 
of making better crash dummies.   

The design target weight for mass and size was 
achieved using this manufacturing process.  To better 
understand about belt interaction with overweight 
occupants, exploration into pressure measuring 
organs with new types of abdominal deflection 
measurement systems showed promise.  

Elderly ATD Updates 

The next steps of the Elderly ATD development is to 
continue component testing and update the design 
based on what has been learned to date.  The 
following is our plans for the update of the current 
ATD and upcoming testing (see Table 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sternum gage 14 

Spine gage 50

Impact 
Side 

2.3 

3.3 

4.73 

7.73 12.5 
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Table 4. 
 Summary of Updates and Testing 

 
Part Design 

Update 
Material 
Update 

OSU 
PMHS 
Match 
Pair 
Testin
g 
(April) 

Compone
nt Lab 
Testing 
(March – 
June) 

Honda 
Side 
impact 
sled 
testing 
(June) 

Senior Sled 
Testing (Sept 
– Feb) 

Neck 
bracket 

Increased 
clearance 
for scapula 
movement 

Steel to meet 
weight traget 
without ballast 

 X X  

Spine  Steel to meet 
weight traget 

X X X X 

Lumbar 
spine 

Increase 
area of 
rubber for 
durability + 
2 cables 

Improved 
rubber like 
material 

X X X X 

Scapula  Plastic 
w/kevlar 

X X X X 

Clavicle  Plastic 
w/kelvar 

X X X X 

Sterum  Plastic 
w/kevlar 

X X X X 

Ribs  Plastic 
w/kevlar 

X X X X 

Chest 
jacket 

Improve fit  X X X X 

Upper 
arm and 
socket 

Improve 
ball 
attachment 

Plastic 
w/kevlar 

X X X X 

Rib 
covers 

Improve fit 
to prevent 
cracks 

Improved 
rubber like 
material 

X X X X 

Organs Make less 
stiff by 
revising 
structures 

Improved 
rubber like 
material 

X X X X 

Pelvis 
flesh 

Redesign 
for better fit 
and 
durability 

Improved 
rubber like 
material 

X X X X 

Legs Redesigned 
to match 
UMTRI 
legs and 
shapes 

Improved 
rubber like 
material 

X X X X 

       
       
   

REFERENCES 

[1] “New Data on Older Drivers.” Centers for 
Disease Control and Prevention. Office of the 
Associate Director for Communication, Digital 
Media Branch, Division of Public Affairs, April 27, 
2015. Web. 2015 
 
[2] Braver, Elisa R., and R. E. Trempel. "Are older 
drivers actually at higher risk of involvement in 
collisions resulting in deaths or non-fatal injuries 
among their passengers and other road users?." Injury 
Prevention 10.1 (2004): 27-32. 

[3] Beahlen, B., Beebe, M. Humanetics Innovative 
Solutions, Crandell, J. , Forman J. , Joodaki, H. , 
University of Virginia, Center for Applied 
Biomechanics, ESV Paper 15-0325 

[4] Ejima, Susumu, et al. "Application of Analytic 
Morphomics for Belted Elderly Occupants in Frontal 
Crashes." Orthopedics 1 (2016): 5. 

[4] Yoganandan, Narayan, et al. "Patterns of 
abdominal injuries in frontal and side impacts." Annu 
Proc Assoc Adv Automot Med. Vol. 44. 2000. 

[5] Hyde, Alvin S. Crash injuries: how and why they 
happen. A primer for anyone who cares about people 
in cars. 1992. 

 



Dobberstein 1 

The Eclipse Working Group openPASS – an open source approach to safety impact assessment via 
simulation 
 
Dobberstein, Jan 
Bakker, Joerg 
Daimler AG  
Germany 
 
Wang, Lei 
Vogt, Timo 
BMW Group 
Germany 
 
Düring, Michael 
Stark, Lukas 
Volkswagen AG 
Germany 
 
Gainey, Jason 
Volkswagen Group of America 
USA 
 
Prahl, Alexander 
ITK Engineering GmbH 
Germany 
 
Mueller, Ralph 
Blondelle, Gaël 
Eclipse Foundation 
Canada/Germany 
 
 
Paper Number 17-0094 
 
ABSTRACT 
 

In modern vehicles, driver assistance and safety systems are increasingly supporting the driver in complex or 
dangerous situations by applying preventive strategies. These strategies include warnings, enhanced braking 
assistance, and automatic interventions to increase road safety. A key challenge is to quantitatively assess 
the safety performance in terms of reduction or mitigation of traffic accidents, as these real-life effects are 
key considerations for all stakeholders involved in the planning of future mobility. Accident re-simulation and 
stochastic traffic simulation provide large opportunities to predict these effects. Both approaches require 
widely recognized models and reliable simulation. Hence, in order to agree on validity and reproducibility, 
the overall method, from the combined use of heterogeneous data sources in modeling to simulation metrics 
must be transparent.  

Virtual “what-if” re-simulation based on reconstructed accident trajectories may show if a system had 
affected particular accidents on a case-by-case basis. However, reconstruction relies on limited traces and 
does not cover the complete traffic situation. Stochastic traffic simulation based on accident data can model 
how conflicts emerge and how to avoid or mitigate them. However, their exposure in real world traffic 
systems is not known. “openPASS” (open platform for the assessment of safety systems) will provide a free 
access, functional framework for a reliable, state-of-the-art, and standardized method of completing 
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effectiveness analysis. This will allow incorporating additional data source and results from other evaluation 
methods: e. g. track tests or driving simulator experiments. These laboratory conditions deliver precise 
measurements for specific and thus limited points. In field operational tests, the functionality in real-world 
normal driving conditions can be observed. Accident data outlines target populations and size of potential 
impacts. For future validation and verification, ex-post statistical analysis should show significant reductions 
for specific vehicle models in large data sets, after a system is introduced into the mass market. 

The openPASS Working Group was founded in August 2016 to jointly develop a harmonized tool for 
effectiveness evaluation within the scope of the Eclipse Foundation. This group aims at fostering open source 
solutions for simulation tools in the field of active and passive vehicle safety. The open source approach 
makes use of infrastructure and the vivid ecosystem of the Eclipse foundation that provides synergies of both 
professional software development and open source spirit. Resulting code of the first related Eclipse project 
sim@openPASS is expected to be published in Q2/2017. 

Related methodologies are discussed in P.E.A.R.S. (an initiative in this field) and PEGASUS (a German 
research project) and aim to combine different assessment approaches, in order to achieve overall valid 
results. OpenPASS addresses this need for a common framework: applicable metrics, thorough data basis, 
comprehensible models of driver behavior and sensor effects – and flexible, modular simulation platforms. 
This paper shows various options how to get involved: use of the software, providing scientific input, creating 
new open source modules, joining the Working Group. 

OpenPASS offers an open source platform designed around open standards which fulfills requirements such 
as modularity, transparency and performance. It will foster a creative eco-system of exchange for traffic and 
vehicle safety research, module development and data acquisition to support analyses that make present 
traffic systems a safer system with less or – optimally - no casualties.
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OBJECTIVE 

Driver assistance and safety systems are 
increasingly supporting the driver in complex or 
dangerous situations. They are designed to help 
the driver or take over the control of the vehicle 
to eventually prevent accidents. The strategies of 
these systems include warnings, enhanced braking 
assistance, and automatic interventions. A key 
challenge is to quantitatively assess the safety 
performance in terms of reduction or mitigation 
of traffic accidents. Predicting or determining real-
life effectiveness of these systems delivers 
valuable input to considerations of many 
stakeholders involved in shaping future mobility.  

Customers, i.e. individual drivers, want to 
understand the potential benefits of the systems 
available in their vehicles. To a majority of 
customers, driver assistance and safety systems 
are still novel technologies, since the average age 
of vehicles e. g. in the European fleet is above 9 
years and still increasing [1].  

Automotive manufacturers and suppliers need 
clear guidance from accident research regarding 
the question; which are the relevant scenarios for 
future systems in order allocate significant 
investments in effective and feasible concepts. 
Especially new challenges concerning fuel 
consumption, emissions, automated driving, and 
electric mobility can be tackled more effectively, if 
future system requirements adapt to changing 
scenarios and allow for new concepts. 

Insurance companies ascertain that standard 
equipped driver assistance and safety systems 
have “ex-post effects” in volume models [2, 3]. 
They stilll need valid projections of changes in 
accidents data (claim frequency, claim value) due 
to technological changes in order to adjust their 
products and incorporate new incentives. 

Public domain institutions like regulation agencies 
or consumer protection bodies, e. g. “NCAPs” 
(new car assessment programs), aim to reflect 
overall optimum values in road safety in their star 
ratings. On the one hand, their core issue is the 
validation testing of basic requirements (e. g. 
passive safety performance) in order highlight 
outliers. On the other hand, the NCAP bodies want 
to use their rating schemes as incentives for 
manufacturers to equip as many vehicles and 

models as possible with advanced technologies 
[4]. Hence, NCAPs need an always up-to-date, 
detailed and integrated understanding and 
prediction of effectiveness of technologies – and 
their impact on future accident trends. In order to 
regard improvements in crashworthiness and 
avoidance capabilities, effectiveness assessment 
should be a basic input for these institutes to 
develop ideal rating strategies.  

This paper intends to explain how “openPASS” 
(open platform for the assessment of safety 
systems) will fill the needs of the different 
stakeholders involved in effectiveness assessment. 

 

METHODS & DATA SOURCES 

Given these multilateral objectives, the need for a 
harmonized and transparent way of assessing ADAS 
safety performance is high. Conventional testing 
methods of assistance and safety functions, as 
currently used, include hardware-in-the-loop 
procedures (e.g., for sensor / algorithm testing), 
testing of technical factors, and testing of human 
factors (e.g. in driving simulators or on test tracks). 
To a limited extent, real traffic testing (e.g. in 
controlled observational studies or in field 
operational tests) can be used to obeserve the 
behavior as intended in the field. However, accidents 
are sparse events, so validation and verification of a 
function reducing specific accidents can hardly be 
addressed with driving tests in a manageable time. 
 
Each of these methods provides an important insight 
into the safety effectiveness of a system on a 
particular aspect with models influencing the 
likelihood and severity of an accident. But for 
complex active safety problems, conventional testing 
methods are rarely sufficient to cover all relevant 
processes and make sound estimates of the overall 
safety effects in a traffic environment. An important 
challenge is to assess field effectiveness with 
adequate validity: Any key aspect that is assessed 
with low validity will disproportionately compromise 
the validity of the entire assessment process, given 
sufficient sensitivity of that particular aspect. 
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Accident re-simulation or stochastic simulation 

Accident re-simulation and stochastic traffic 
simulation provide large opportunities to predict 
these effects: 

Accident re-simulation: for example the GIDAS 
project [5] collects representative samples of in-
depth accidents in two investigation areas 
(Hanover and Dresden), which are reconstructed 
based on traces, vehicle damage, and witness 
statements. These pre-crash trajectories are 
extended up to 5 seconds prior to the first impact. 
The current “pre–crash matrix” (PCM) database 
contains these trajectories for more than 8,000 
cases. The PCM database enables accident 
researchers to investigate why the accident 
happened and whether driver assistance or safety 
systems could have prevented the accident. 
However, these datasets are limited in their 
insight on complex conflict mechanisms and 
interaction since reconstruction relies on sparse 
information and simple models. Furthermore, only 
vehicles involved in the collision are reflected in 
the data, while surrounding traffic is not reflected 
in the data. 

Stochastic traffic simulation: the proceedings in 
the field of traffic psychology lead to advanced 
driver models, which do not simply model the 
driver as a controller, but reflect human skills and 
properties by incorporating their statistical 
uncertainties. Hence, in addition to providing 
input to traffic infrastructure planning, more and 
more insights on accident occurrence can be 
derived from “virtual conflicts” generated with 
realistic driver models. Compared to 
reconstructed scenarios as input data, these 
virtual accidents are more of a forward 
simulation. However, as this method reflects 
stochastic information. Generated critical or 
accident scenarios need to be validated as their 
exposure is unknown. 

Additionally, there are recent concepts from the 
field of virtual testing making use of machine 
learning that cover both the use of real-world data 
and the use of abstract, but clearly defined 
scenarios with parameters reflected by statistical 
distributions. Algorithms are trained to objectively 
determine critical events in traffic data, evaluate 
these events, and “learn” new scenarios and 
parameter distributions (see “Discussion” on the 

German research project PEGASUS [6]). For the 
validation and approval of automated driving 
functions, detailed and reliable simulation 
approaches are required to replace field test to a 
large extent. 

The before mentioned approaches require widely 
recognized models and a reliable simulation 
approach. The overall method must be 
transparent in order to be comprehensible. It 
must be capable of generating robust, valid, and 
reproducible results. . This postulated 
transparency must be ensured when using existing 
models or creating new models to take new 
characteristics based on the combined use of 
heterogeneous data sources into account. This 
transparency must also account for simulation 
metrics, so it is clear how the results are 
evaluated and discussed.  

 

Methodology for safety impact assessment 
implemented by openPASS 

The approach implemented by openPASS is based 
on multi-agent based, stochastic traffic simulation 
as described by the P.E.A.R.S. initiative [7] – see 
Annex for an illustration of detailed workflow. The 
goal is not limited to harmonizing models and 
delivering software of high quality. OpenPASS also 
intends to “unify” both approaches previously 
described by enabling the user to leverage the 
valuable information of real world accident data 
as validation benchmark for virtual accidents.  

Models of traffic scenarios (including road layouts, 
cognitive, and behavioral models of traffic 
participants) and environmental conditions are 
combined with models of vehicles and their 
embedded safety systems in one simulation 
platform. Due to the modularity of software 
components, the same platform and relevant 
models can be used for accident re-simulation as 
well. One possible work flow of openPASS is 
described hereinafter: 

First, target scenarios of the system of interest 
need to be identified. The scope of the virtual 
experiment is formulated as a detailed description 
of the target scenarios on the basis of traffic and 
accident data. 
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Second, the target scenario statistical exposure 
models are determined in order to generate 
representative samples for the simulation. 
Statistical exposure models (e. g. traffic 
conditions, infrastructure characteristics, 
environmental conditions) provide distribution 
functions of context variables that could influence 
the system effectiveness in a certain scenario. For 
the use case of re-simulating trajectories leading 
to real accidents, modeling and adjusting models 
are not necessary, since ideally the sample of 
trajectories would be representative of the 
accident population of interest.  

Statistical uncertainties due to variations (e. g. 
driver reaction or sensor performance) need to be 
considered as stochastic parameters of the 
models. 

 

Requirements for openPASS 

Market research was conducted in an early phase 
of the project, but it has shown that none of the 
currently available simulation tools can meet all 
key requirements. Derived from the approach 
sketched above, the most important factors are 
performance, flexibility and transparency. The 
combination of the three aspects is especially 
crucial for making this approach a success. 

Performance: The performance must be sufficient 
to provide the required statistical precision within 
a reasonable time-frame (.e.g. calculating large 
numbers of scenarios).  A high number of runs 
must be conducted much faster than real time. 

Flexibility: scenarios should be easily adaptable, 
which means not only varying parameters or other 
slight modifications. The simulation environment 
must be easily adapted to completely different 
use cases (e. g. highway traffic or complex 
crossing conflicts with bicyclists). 

Transparency: the software design and 
architecture should encourage usage in third-
party funded research projects. To this end, the 
adaptation of new interfaces or the 
implementation of scientific insights in new or 
existing modules should be possible. 

Furthermore, the platform should allow for easy-
to-use applications (low barriers for entry for all 
users) as well as for advanced use cases.  

 

Results 
 
A detailed assessment of various entities revealed 
that a working group under the roof of the well-
known and established Eclipse Foundation meets 
all requirements. Hence, the founding members of 
the working group and the Eclipse Foundation 
established a working group aimed at strategically 
and tactically developing a performant, flexible 
and transparent tool for the harmonized 
prospective assessment of safety systems [8]. The 
working group was founded in August 2016 and 
aims at fostering open source solutions for 
simulation tools in the field of active and passive 
vehicle safety. The open source approach makes 
use of infrastructure and the vivid ecosystem of 
the Eclipse foundation that provides synergies of 
both professional software development and open 
source spirit.  
 

 
Figure 1. Logo of openPASS 
 
The working group is structured as follows: 
Four different classes of membership exist. First, 
driving members define project objectives, project 
strategies, and finance the project. They are the 
main actors within the working group. Second,  
service providers, comprise developing, deploying, 
and maintaining the openPASS relevant 
components. They are mainly involved in the 
realization of the project. Third, user members 
use the software and results while also 
participating in working group activities. Fourth, 
guests may be invited by the other member 
classes to get to know the project ideas as they 
are potential new partners or entities to seek 
information or advice.  
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Besides a diverse member class structure, there 
are different working group bodies to steer, 
realize, control, and inform the group. The 
steering committee is the body defining the 
strategy of the project and ensure project 
deliverables are met in a timely manner. The 
architecture committee has the responsibility to 
ensure the functional, non-functional, and 
technical consistency of the project according to 
the project strategy and goals. The quality 
committee defines the applied quality kit and 
maturity process while also ensuring the quality of 
results. Lastly, general assembly enables all 
participants to get up to speed with committee 
work and progress regarding the project. 
 
The working group bodies are responsible to 
ensure integrity of the entire project. According to 
Eclipse’s regulations, different “projects” may be 
part of the working group to develop source code 
in accordance with the working group objectives 
and requirements. The initial project that was 
founded is called “sim@openPASS” [9], which 
aims to release the software openPASS. The first 
milestone of sim@openPASS is to release an initial 
commit bringing together the committed initial 
contributions of the driving members. This version 
of openPASS is configurable via a Graphical User 
Interface (GUI) with limited access. In the GUI, the 
user may firstly, load a scenario, secondly, 
configure a system by dragging-and-dropping 
system components, parameterizing, and 
connecting them, and thirdly, run simulations with 
a novel simulation core which also accounts for 
collisions. This rudimentary implementation is the 
backbone for further enhancements and updates. 
 
By end of Q2/2017, the second milestone is to 
release a version that is capable of estimating the 
effectiveness of driver assistance and safety 
systems in simple scenarios. It is aimed for a 
functionality that is more or less equal to 
commercial and proprietary state-of-the-art tools 
available today. 
 
 
 
 
 
CONCLUSIONS 

Currently, in openPASS and the adjunct project 
sim@openPASS, new components and features 

are under development and will be committed 
subsequently to the Eclipse repositories. For 
example, the collision detection functionality is 
being improved to deliver more detailed 
interpretation of the virtual accident not avoided 
by the modeled functions. The GUI is being 
extended to incorporate general functionality in 
harmonized GUI modules, while still allowing easy 
modifications via a plug-in architecture. Based on 
the assessment of simulation tools available 
today, the founding members partnered with the 
Eclipse Foundation in order to develop a new high 
performance, flexible, and transparent simulation 
software aimed to assess the effectiveness of 
vehicle ADAS systems in the highly complex 
environment of traffic safety.  The working group 
is always open to new members or new ideas for 
new projects. Potential involvement in openPASS 
is available through many level: using the 
software, testing the code and reporting bugs or 
new ideas, writing additional code and commit it 
open source – or support the working group and 
fund current development. 

As mentioned previously, the R&D project 
PEGASUS funded by the German government is 
currently a driver of similar harmonization 
activities in the field of virtual safety systems 
assessment. The overall research questions of 
PEGASUS are what criteria have to be fulfilled for 
highly automated driving and what tools and 
methods are needed to assure the fulfillment of 
these requirements [6]. Its methodology aims to 
seamlessly integrate field tests, proving ground 
tests, and virtual tests – which means vice versa 
that virtual testing must use fidelity models of 
reliably high validity (sensors, scenarios, 
conditions).  

The open standard “OpenSCENARIO” is developed 
and used in PEGASUS, which allows flexibly 
defining and describing dynamic behavior of 
agents in a virtual OpenDRIVE road environment 
[10]. OpenPASS is aiming to synchronize its 
logging processes to this XML-based format. It is 
also planned to be the “standard interface” for 
initial conditions of agents in simulations runs. In 
PEGASUS, all scenarios and parameter 
distributions are implemented in OpenSCENARIO, 
making the project a test use of this recently 
published standard. 
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The “Open Simulation Interface” is a further 
activity which is driven by PEGASUS, but will feed 
into openPASS. The objective is to harmonize 
sensor models by defining the input interface - 
how the ground truth from simulation framework 
is provided to the sensor - and the output 
interface - how sensors are providing output to 
the function (input to environment model). This 
allows combing different sensors and using virtual 
ground truth data with statistical models 
describing sensor phenomena [11]. OpenPASS is 
adapting its interface to make use of the 
upcoming sensor models complying with this 
standard. 

The methodology of virtual assessment of safety 
impacts has been under discussion in the P.E.A.R.S 
initiative since 2012 [7]. Ideally, openPASS offers 
the members of the group the open framework 
for a reference implementation. But the 
“openPASS ecosystem” should further encourage 
users and researchers in the adjacent fields to 
implement their scientific findings and commit 
them as “openPASS modules”. The interaction of 
openPASS and P.E.A.R.S enables a more detailed 
and deepened discussion of models, validation 
and verification of reference scenarios. Finally, it 
will allow virtual assessment to become a major 
pillar of approval and testing procedures in future 
automotive R&D. 
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Annex - Figure 1.  Methodology of virtual experiments with  openPASS 
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ABSTRACT 

Advanced crash avoidance technologies have the potential to address many of the high frequency crash scenarios 
involving heavy vehicles in the United States.  For this paper, a heavy vehicle is defined as having a gross vehicle 
weight rating (GVWR) that exceeds 4536 kg (10,000 lb.).  Test track research performed on heavy vehicles 
equipped with advanced crash avoidance technologies such as automatic emergency braking systems using real 
heavy trucks and buses is unavoidably limited by the dangers and expenses inherent in crash-imminent scenarios.  
High fidelity Hardware-in-the-Loop (HiL) simulation systems have the potential to enable safe, accurate, and 
repeatable laboratory testing that can provide performance data on heavy vehicle crash avoidance systems.  This 
paper describes the setup and experimental validation of such a heavy vehicle HiL simulation system equipped with 
electronic stability control and automatic emergency braking systems. 
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INTRODUCTION 

Automatic Emergency Braking system is an active 
technology system which includes, crash imminent 
braking (CIB) and dynamic brake support (DBS), 
that are specifically designed to help drivers avoid, or 
mitigate the severity of, rear-end crashes.  CIB 
systems provide automatic braking when forward-
looking sensors indicate that a crash is imminent and 
the driver has not applied the service brakes, whereas 
DBS systems provide supplemental braking when 
sensors determine that driver-applied braking is 
insufficient to avoid an imminent crash.  NHTSA’s 
recent market study, current through September 
2016, shows that DBS systems are primarily 
deployed in the light vehicle market.  The review of 
heavy vehicle manufacturer and supplier websites 
and news articles released by fleets and industrial 
trade groups indicates that new systems may be 
capable of DBS-like behavior and might become 
available in the upcoming new product offerings for 
heavy vehicles.  Heavy trucks used to conduct test 
track research were not available with DBS at the 
time of their acquisition.  Therefore, the simulation 
validation is confined for the CIB of the AEB 
systems. 
 
Field testing of such systems using vehicles is 
necessarily limited by the dangers and expenses 
inherent in crash-imminent scenarios, especially 
when the system is not designed to eliminate all 
collisions but rather to reduce their severity.  
Moreover, testing of heavy vehicles is generally 
restricted to lower speeds because of space 
availability within proving ground facilities and 
safety requirements.  HiL (Hardware-in-the-Loop) 
systems allow the expansion of testing to include 
aggressive scenarios not possible on the test track, 
like shorter following distances at higher speeds, 
aggressive lead vehicle decelerations, and other 
configurations reasoned impractical or dangerous 
with real vehicles.  HiL systems for heavy trucks also 
allow simulations of different configurations of 
heavy vehicle classes, i.e., multiple loads and inertial 
configurations. 

NHTSA constructed a HiL heavy truck pneumatic 
braking system operated through dSPACE hardware 
and integrated with Matlab/Simulink and TruckSIM 
co-simulation.  This system was previously described 
in depth in [1] and validated for electronic stability 
control (ESC) testing in [2].   

The system currently supports the Bendix EC-60 
Electronic Control Unit (ECU) in various 

configurations.  For this paper, a version of this ECU 
is used which includes the Bendix Wingman 
Advanced radar-based collision mitigation system.  
Specifically explored here is the AEB application.  A 
single straight lane is used with one forward-moving 
vehicle (or target) to replicate NHTSA’s test track 
crash scenarios designed to evaluate AEB systems’ 
safety performance. 

Two scenarios are used to compare simulated results 
with test track experiments.  The first is the lead 
vehicle moving scenario (LVM), which evaluates the 
ability of the AEB system to detect and respond to a 
slower-moving vehicle in the immediate forward path 
of the truck.  The second is the lead vehicle 
decelerating scenario (LVD).  In this test, the lead 
vehicle is initially moving at a constant speed in the 
immediate forward path of the subject vehicle (SV), 
then after a short period the lead vehicle decelerates 
at a constant rate to a low constant speed in the range 
of 8 km/h (5 mph). 

HiL Hardware and Software System 
The HiL system uses identical radar hardware as is 
used in the Volvo Truck retrofitted with a Forward 
Collision Warning (FCW) and AEB system with a 
software option that accepts target position and speed 
injection through a CAN bus designed for testing and 
simulation.  This capability allows for the testing of 
the logic and communication built into the radar, 
which is responsible for emergency brake activation 
signals.  State-of-the-art radar technologies, like the 
FLR20, are smart sensors that detect targets and 
make appropriate calculations, sending brake 
commands to be executed by the vehicle’s main ECU 
brake safety controller.  The braking actions are 
finally executed by the vehicle dynamics ECU. 

Figure.1 shows the Volvo tractor retrofitted with the 
Bendix FLR20 radar located on the center of the front 
bumper.  This radar is integrated with the Driver 
Interface Unit (DIU) mounted on the vehicle 
dashboard.  The placement of these units, as well as 
the ECU, in the HiL system can be seen in Figures 2 
and 3.  Both the simulated and experimentally tested 
tractor/trailer systems were loaded according to 
Federal Motor Vehicle Safety Standard (FMVSS) 
No. 121 GVWR requirements.  
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Figure.1.  Volvo truck with Bendix FLR20 radar 
and DIU 

 

Figure.2.  Bendix ECU and FLR20 radar on HiL 
system 

 

Figure 3.  HiL pneumatic braking system with AEB 
– Arrows in the picture point to zoomed view- 

The Controller Area Network (CAN) connections 
required for the HiL pneumatic braking system are 
shown in Figure.4.  Note that the simulation 
hardware must simultaneously communicate on three 
different CAN networks.  These are: 

1) J1939 bus at 250 kbps (kbps = 1000 bit/sec), 
which is the society of Automotive 
Engineers standard used for communication 
and diagnostics among commercial vehicle 
components. 

2) SenSor CAN at 250 kbps, which is a 
proprietary bus set by Bendix to transmit 
vehicle speed, yaw rate, lateral acceleration, 
and steering angle signal to the ECU.  These 
variables are generated by the vehicle 
dynamics software, which is TruckSIM for 
this HiL system. 

3) RadarCan at 500 kbps provides the radar 
unit (FR20) and ECU with speed and 
positions of the obstacles placed ahead of 
the vehicle.  It is a proprietary bus 
developed by Bendix. 

 

Figure.4.  HiL CAN connections 

NHTSA’s HiL pneumatic system is designed to be 
applied with different classes of heavy vehicles.  
Only minor hardware changes are needed to switch 
the HiL for vehicles with different brake systems 
(brake chambers and brake lines with similar lengths 
and sizes to the actual vehicle).  The system is built 
to accommodate these changes swiftly.   Figure 5 
shows different ECUs that can be connected in the 
HiL system.  These are for a single unit truck, a bus, 
and tractor-trailer systems.  The HiL system includes 
a trailer unit, in case trailer’s ECU like those 
designed for roll stability control need to be 
connected and tested with the tractor.  This unit is 
shown in Figure 6. 
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Figure 5. Different ECUs for HiL applications 

 

Figure 6 HiL Trailer Unit 

HiL System Validation 
The HiL system was tested for most of the FMVSS 
No. 121 requirements that are usually applied to real 
production vehicles.  These included longitudinal 
dynamics (stopping distance), pneumatic system 
response (delays), air-supply (chamber size versus 
brake chambers), ABS tests, and etc.  

Vehicle dynamics model and simulation software 
was thoroughly validated with measured data [2], so 
as to produce simulated vehicle motion comparable 
to field testing.  Lateral dynamics validations 
included evaluation of the understeer gradient, roll 

gradient, lateral acceleration and yaw rate.  The 
evaluation was up to directional stability limit.  
Within the linear range, steady vehicle directional 
responses were evaluated in the frequency domain.  
Sweep sine steering at a constant speed was used to 
check vehicle bandwidth responses of yaw rate and 
lateral acceleration.  As for the transient behavior, 
step steer input evaluation within the upper-linear 
range was used to check system responses timing and 
mechanical system damping properties (proper 
attenuation of lateral dynamics variables and their 
oscillatory properties need to be consistent with the 
modeled vehicle). 

AEB Systems Validations 
In this paper, the AEB system is validated with 
experimental data at low/mid-range test speeds.  This 
allows to test system braking function and basic 
software operations.  Since test data is not available 
for high speed testing or other potentially hazardous 
test situations (like close proximity between lead and 
subject vehicle), and with a properly validated 
vehicle dynamics model, the HiL system can then be 
applied to evaluate the AEB systems.  This is 
primarily for conditions not possible to test on the 
track; like, high speed testing, low-mu or for a 
surface with degraded traction properties, split-mu 
cases, close proximity between lead and subject 
vehicles, cut-in driving, and scenarios with multiple 
target vehicles and obstacles, etc. 

Dynamics Simulation and Radar Configuration 
The simulated sensor range sensitivity is set at 100 m 
with a ±10° field of view.  A school bus is chosen for 
the forward moving vehicle or target (Figure.7).  The 
detection area is modeled as a box with length = 
6.45m, height = 2.65m, and width = 2.44m.  The 
simulated radar metrics are not affected by the 
particular choice or size of target vehicles, given the 
fact that the direction of travel is a straight path and 
the radar is on the vehicle centerline. 

A typical graphical view of the real time animation is 
shown in Figure 8.  The solid red line between the 
truck and the bus is the detection range, and the 
shaded area is the radar field of view.  The radar 
graphics are enabled only when an object is detected 
within 100m.  The speed and range of the forward 
moving vehicle are calculated by TruckSIM then 
injected into the FLR20 RadarCAN. 
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Figure.7.  HiL target vehicle  

 

Figure 8.  TruckSIM simulation of AEB braking 
event 

VALIDATION TESTS 

Lead Vehicle Moving 
This scenario evaluates the ability of the AEB system 
to detect and respond to a slower-moving lead 
vehicle traveling at a constant speed in the immediate 
forward path of travel.   For this scenario, the truck 
(subject vehicle) is traveling at a constant speed of 40 
km/h (24.9 mph) and the bus (target vehicle) is 
traveling at a constant speed of 16 km/h (9.9 mph).  
The initial range between the two vehicles is set at 35 
m (114.8 feet.).  

The truck approaches the bus at the relative speed of 
24 km/h, and the driver does not intervene to avoid 
the crash either by braking or steering.  When the 
time-to-collision (TTC) is approximately 2 seconds, 
the AEB system intervenes and applies the brakes 
automatically.  Figure 9 shows the truck and bus 
speeds, and the range between them, all compared to 
experimental results.  For this test, eight experimental 
trials were performed, and all are included in the 
comparison plots.  The HiL AEB is initiated at a 
range (bumper-to-bumper distance) of 12.93 m, and 
the minimum range was 4.72 m.  These values are 
very close to experimental metrics, where AEB is 
initiated between 12 and 14 m, and the minimum 
range varied from 2.5 to 5 m. 

Figure 10 shows that the brake line pressures in the 
HiL system and the experimental truck are in 
agreement.  There is a modest discrepancy in brake 

line pressure #1 which corresponds to the left side of 
the steer axle.  This difference between the HiL and 
test track experimental measurements is due to small 
discrepancies between the left and right sides of the 
front brakes as a result of unsymmetrical conditions.  
All rear left and right side brakes are symmetrical.  
The HiL system models symmetrical brake systems, 
and hence the front right and left brakes behave the 
same.  Unless the experimental truck’s asymmetrical 
behavior affects the nature of the test results, there is 
no need to tune the HiL hardware system to 
accommodate this small deviation.  Alternatively, 
future research could be used to characterize the 
symmetry of real vehicles and then tune the simulator 
accordingly.   

Figure 11 displays a comparison between HiL truck 
deceleration and measured experiments.  The slight 
increase in deceleration at the end of the maneuver is 
attributed to a slight increase in brake line pressure.  
The TruckSIM brake model at the HiL uses a simple 
look-up table that relates brake chamber pressure to 
applied brake torque.  This simple method is 
sufficient for this kind of simulations and produces 
results with reasonable fidelity. 

Figure.12 shows that the HiL AEB initiation is at 
TTC = 1.93 seconds, while the experiments showed a 
variation from 1.75 to 2.15 seconds.  The HiL 
minimum TTC is 1.78 seconds at 0.65 seconds after 
AEB initiation, which is within the range of 
experimental values which vary from 1.45 to 1.90 
seconds. 

 

Figure 9 Truck and bus (lead vehicle: POV) speeds 
and ranges- 40/16 km/h SMLV scenario 
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Figure 10.  Brake line pressures - 40/16 km/h 
SMLV scenario 

 

Figure 11. Truck and bus decelerations - 40/16 
km/h SMLV scenario 

 

Figure.12. TTC (Time to collision) - 40/16 km/h 
SMLV scenario 

Lead Vehicle Decelerating 
In the LVD scenario, the truck and the bus are driven 
at a nominal vehicle speed of 40 km/h (24.9 mph) 
with an initial separation of 80 m (262.5 feet).  Then, 
as shown in Figure 16, the bus decelerates at a 
constant rate of 0.3g to a much slower constant speed 
of 5-10 mph.  The TruckSIM lead vehicle is 

programmed to follow an ideal deceleration path as 
shown in this figure. 
 
For this scenario eight experimental trials were 
performed and these are compared to two HiL 
simulation results.  Figure.13 shows the comparisons 
of speeds of vehicles involved.  Overall the HiL 
system produces data comparable to experimental 
measures and with reasonable fidelity. 
 
Figure 14 shows the comparison between HiL brake 
line pressure and experimental measurements.  The 
AEB of all runs behaved differently toward the end, 
yet the main applications of brakes (first cycle) are 
very similar.  As both the simulated and experimental 
trucks approached the lead vehicle, for a few 
numbers of runs, the AEB was applied more than 
once to avoid hitting the lead vehicle.  This indicates 
sensitivity to small differences in relative speed and 
range, which is beneficial, since it could be used to 
further improve the AEB system’s crash avoidance 
capabilities with a reasonable safety margin. 
 
Figure.15 compares the simulated range to 
experimental measurements.  The range at AEB 
activation was measured between 16.5 and 18.0 m, 
while the HiL values were 17.3 and 17.5 m.  The 
simulated minimum range was 2.8 m for both cases 
and the experimental measurements varied from 0.5 
to 3.0 m. 
 
The TTC comparisons are shown on Figure 17.  The 
TTC value at AEB activation is about 2.0 seconds for 
the HiL system, and the measured values vary from 
1.88 to 2.10 seconds.  The deceleration plot, 
Figure.18, shows that the AEB system intervened 
more than once on multiple runs for both simulation 
and field experiments. For the HiL system, the 
simulation runs were not identical runs, but the 
irregular behavior happened at very low relative 
speeds.   
 
Although testing conditions were set judicially to 
guarantee testing repeatability and reproducibility, 
small kinetic differences of relative speed and range 
affect AEB activation cycles, and more multiple 
activations are possible.  In spite of this, the metrics 
between all tests compare very well between 
experiments on the test track and HiL simulation, and 
the results from a crash mitigation/avoidance 
standpoint are the same. 

P
r 1

 (
M

pa
)

P
r 2

 (
M

P
a)

P
r 3

 (
M

P
a)

P
r 4

 (
M

P
a)

P
r 5

 (
M

P
a)

P
r 6

 (
M

P
a)

L
on

g
itu

d
in

al
 A

cc
el

er
at

io
n

 (
g

)
T

im
e 

T
o 

C
ol

lis
io

n
 [T

T
C

] (
se

c)
L

on
gi

tu
di

na
l A

cc
el

er
at

io
n 

(g
) 

T
im

e 
to

 C
ol

lis
io

n 
[T

T
C

] 
(s

ec
) 

Time (sec) 

Time (sec) 



 

Salaani, Page 7 of 8 

 

Figure.13 Truck and bus (lead vehicle) speeds - 
40/40 km/h LVD scenario 

 

Figure 14. Brake line pressures - 40/40 km/h LVD 
scenario 

 

Figure.15. Range - 40/40 km/h LVD scenario 

 

Figure 16. Bus deceleration - 40/40 km/h DLV 
scenario 

 

Figure 17. TTC (Time to Collision) -40/40 km/h 
LVD scenario 

 

Figure.18. Truck and Bus deceleration - 40/40 km/h 
LVD scenario 

CONCLUSION 

NHTSA’s HiL pneumatic braking system employing 
an AEB-equipped Bendix ECU has been partially 
validated with data from experimental test track 
results with a limited number of crash scenarios.  The 
validation used available experimental data at truck 
speeds of no more than 40 km/h.  The results indicate 
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that the HiL technology predicts with fidelity the 
behavior of such complex systems.  The testing 
metrics in terms of TTC values, range, relative speed, 
and end results (crash or no crash) are very similar.  
Other AEB scenarios such as lead vehicle stopped 
and lead vehicle decelerating need to be examined in 
future research for a more complete validation of the 
AEB systems. 

With the HiL system, the AEB performance can be 
tested at higher speeds and in closer proximity to the 
lead vehicle.  Moreover, the surface conditions can 
be altered to mimic low friction conditions, like wet 
surfaces, split-mu, etc.  The HiL system in general, 
can expand the envelope of field testing and include 
conditions not possible to test systematically, or not 
safe to conduct on the test track.  Nonetheless, 
simulation results require rigorous basic validations 
with experimental test track data. 
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ABSTRACT 
 
The potential injury reducing benefits of pre-crash belt slack reduction of a motorized seat belt system was 
evaluated. The evaluation was carried out for 1 second pre-crash braking followed by a 56km/h full frontal 
rigid wall crash. For the evaluation a validated active human body model and a model of the THOR dummy 
were used. The active human body model is capable of, and validated for, predicting occupant kinematics 
during pre-crash braking and occupant response for crash loading. In the study substantial belt slack was 
introduced by adding 100mm thick foam pads between the occupant and belt. Pads were added between the 
chest portion of the seat belt and the chest and between the lap portion of the belt and the pelvis. The effect 
of 300N and 600N pre-crash pretensioning (pre-pretensioning) of the belt on occupant kinematics and chest 
deflection during 1 second braking followed by a 56km/h full frontal rigid wall crash was evaluated. In 
addition the effect of in-crash triggered pyrotechnic pretensioning of the belt was also evaluated. 
 
It was found that pre-crash forward excursion of the occupant during braking was reduced by pre-
pretensioning the belt. The forward excursion was reduced for both the occupant without slack and the 
occupant with 100mm slack. For pre-crash braking followed by a crash generally chest deflections were 
reduced with pre-crash pretensioning of the belt. Reductions were obtained for the occupant without slack 
as well as for the occupant with 100mm slack. However, greater reductions was obtained for the occupant 
with 100mm slack than for the occupant without slack. It was also generally found that additional reductions 
in chest deflection was obtained for the in crash activated pyrotechnic pretensioners. 
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BACKGROUND 

Seat belts decrease automobile-related fatalities 
and injuries [1] & [2]. They achieve this benefit by 
reducing the peak loads applied to the occupants, 
applying these loads to anatomical structures 
better able to handle high loads, and limiting 
occupant excursion—and thus the probability of 
contact—inside the vehicle. Seat belts function 
optimally when worn snugly. When not snug, the 
additional slack in the seat belt was shown to 
increase the displacement of the head, chest, 
hips, and knees in high-speed frontal impacts [3] 
[4] [5]. Prior to a collision, seat belt slack can be 
introduced by poor seat belt adjustment, bulky 
clothing, or tension-relieving devices incorporated 
into some seat belt retractors. In a study it was 
found that for approaching 10% of the vehicle 
occupants the slack in the shoulder belt was 
greater than 75mm [6]. During a collision, seat 
belt slack can be introduced by tightening of the 
webbing on the spool after the retractor locks [7]. 
Whether introduced before or during a collision, 
the larger displacements caused by seat belt slack 
increase both the potential for occupant contact 
with interior structures and the severity of 
contacts that can occur even with a snug belt.  
 
Today, real-world occupant protection is more 
than simply conventional passive safety 
technologies, such as seatbelts and airbags. 
During the last decade, rapid development of 
auto-brake technologies has taken place. Today 
most vehicle manufacturers offer some form of 
collision avoidance systems on their vehicles, at 
least as an option package [8]. In conjunction with 
the autonomous emergency braking (AEB) system, 
the motorised pre-pretensioner (PPT) system was 
introduced in order to reduce the degree of an 
occupant leaving the designed-position [9]. To 
comprehensively assess the benefit of introducing 
so-called integrated safety systems (e.g. 
motorised PPT systems in conjunction with AEB) 
an appropriate occupant model must be used. The 
occupant model should represent occupant 
responses, not only for in-crash loading, but 
preceding pre-crash loading. In order to predict 
human posture maintenance and human-like 
reflexive responses during pre-impact braking, a 
finite element human body model with 
proportional integral derivative (PID) controlled 
Hill-type active muscle system model was 
developed by Östh et al. (2012) [10]. The 

neuromuscular feedback control was 
implemented for the Total HUman Model for 
Safety (THUMS) AM50 version 3.0 [11], with some 
enhancements to the model [12]. The developed 
model – the so-called SAFER AHBM – with an 
active muscle system, was able to capture the 
kinematic responses during AEB events, and 
muscle activation magnitude was similar to that of 
the volunteers [13]. The SAFER AHBM uses a 1D 
Hill-type model, as muscle representation, with 
muscles controlled by PID feedback, via stabilising 
muscle activation generated in response to 
external perturbation. Using the SAFER AHBM tool 
that can predict occupant kinematics pre-crash 
and the loads on the occupant in-crash the 
potential injury reducing benefits from reducing 
the slack in the belt by pre-pretensioning the belt 
during the braking phase of a vehicle can be 
evaluated. 
 
The aim of this study is to quantify the effect of 
seat belt slack on occupant response during pre-
crash braking (1 sec) followed by a 56km/h crash.  
 
 
METHOD 
 
For the study the SAFER active human body model 
and a model of the THOR dummy [15] were used 
as occupant substitutes. The occupants were 
positioned in the driver side interior model of a 
mid size vehicle. The human body model and 
THOR dummy model were restrained by a state fo 
the art belt system comprising  a seat belt 
retractor with a motorised pre-pretensioner, a 
pyrotechnic retractor pretensioner, a lap belt pre-
tensioner, a retractor belt force limiter and a 
driver side airbag.  The force limiter value of the 
retractor pretensioner was 4.0kN. Dashpanel, 
floor and toepan were also included in the model. 
 
Slack was introduced by adding 100mm thick soft 
foam pads between the seat belt and the thorax 
and pelvis of the occupant substitute. The foam 
pads were so soft that pulling the seatbelt 
between the shoulder of the occupant and the D-
ring by hand would result in completely 
compressed foam pads and eliminated belt slack. 
Seat foam properties were used for the foam pads 
in the model (Figure 1). 
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Figure 1. 

Foam Pads to Introduce Slack 
 
For all evaluations the brake pulse was applied for 
1.0 second at approximately 1g.  The ramp up 
time for the pulse was 500ms. The 1.0 seconds 
pre-crash braking was followed by a crash at 
56km/h (Figure 2). The retractor locked after 575ms. 
The 1 second pre-crash braking was followed by a 
full frontal crash at 56km/h in a rigid wall (Figure 3).  
 
 

 
Figure 2. 

Brake Pulse 
 
 

 
Figure 3. 

Crash Pulse 

 
Initially the incluence of braking only on occupant 
kinematics and chest deflection was evaluated. 
Thereafter the influence on occupant kinematics 
and chest deflection for various level of pre-
pretensioning force was evaluated. The levels 
were 0, 300N and 600N. Lastly the influence of the 
pyrotechnic pretensioners on occupant kinematics 
and chest deflection was evaluated. 
 
Chest deflection for the active human body model 
was extracted at 4 locations (Figure 4). The upper 
locations were at the 4:th rib and the lower 
locations were between the 6:th and 7:th rib. For 
the THOR dummy model chest deflections were 
extracted from the 4 IRTRACCs. Greatest resulting 
deflection of the four measurement locations was 
selected for presentation in this paper. 
 

 
Figure 4. 

Chest Transducer Locations for the Active Human 
Body Model 

 
 
 
RESULTS 
 
Active Human Body Model 
For 1 second pre-crash braking greatest head and 
sternum excursions were obtained for the 
configuration with 100mm slack and no pre-
pretensioning (Figure 5). For the configuration 
with 100mm slack the excursion with 300N and 
600N pre-pretensioning was less than for the 
configuration without slack. For 100mm slack 



 

Pipkorn                       

small difference in head and sternum excursions 
for 300N and 600N was obtained. 
 

 
0mm Slack 100mm Slack 

 
Figure 5. 

Position at Crash after 1sec Pre-Brake 
 
For the crash only configuration in which pre-
crash braking was not included it can be observed 
that for the belt system without slack the 
pyrotechnic pretensioners reduced chest 
deflection by approximately 4mm (Figure 6). For 
the belt system with 100mm slack the pyrotechnic 
pretensioners reduced chest deflection also by 
4mm. 
 

 
Figure 6. 

Chest Deflection for Crash Only 
 
For 1 second pre-crash braking with pyrotechnic 
pretensioners and without pre-pretensioning of 

the belt chest excursion was 6mm greater for the 
occupant with 100mm slack (Figure 7). Chest 
deflection was reduced by 2mm for 300N and by 
5mm for 600N pre-pretensioning. For 0mm slack 
small reductions in chest deflection was obtained 
for pre-pretensioning. 
 

 
Figure 7. 

Chest Deflection Pre-Pretensioning for Pre-Crash 
Braking with Pyrotechnic Pretensioner 

 
For 1 second pre-crash braking without 
pyrotechnic pretensioner and 0mm slack chest 
deflection was reduced when pre-pretensioning 
was added (Figure 8). For 100mm slack chest 
deflection was reduced by 5mm and 7mm 
respectively when 300N and 600N pre-
pretensioning was added. 
 
For 100mm slack and no pre-pretensioning chest 
deflection was reduced with the pyrotechnic 
pretensioner (Figure 7). For 100mm slack and pre-
pretensioning no reductions in chest deflection 
was observed for the pyrotechnic pretensioners 
(Figure 8 and 9). 
 

Initial position
Standard seatbelt
300 N PPT
600 N PPT
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Figure 8. 
Chest Deflection for Pre-Pretensioning for Pre-

Crash Braking Without Pyrotechnic Pretensioner 
 
THOR Dummy Model 
With the purpose of confirming the observations 
from the analysis with the active human body 
model the THOR dummy model was exposed to 
the identical load conditions as the SAFER active 
human body model in the present study, 1 second 
braking followed by a 56km/h rigid wall crash. 
Generally the same trends was observed for the 
THOR dummy model as was observed for the 
active human body model. In the loadcase without 
pre-crash braking chest deflection was reduced by 
pyrotechnic pretensioners by approximately 7mm 
for both without and with 100mm slack (Figure 9). 
 
 
 

 
Figure 9. 

Chest Deflection for Crash Only 
 
For the pre-crash activated pre-pretensioning 
chest deflection was reduced with pre-
pretensioning for the occupant without slack 
(Figure 10). However, when the pre-pretensioning 
force was increased from 300N to 600N no 
additional reductions in chest deflection was 
obtained. For the occupant with 100mm slack 
chest deflection was reduced from 58mm to 
48mm with 300N pre-pretensioning. For 600N pre-
pretensioning chest deflection was reduced to 
42mm. 
 

 
Figure 10. 

Chest Deflection Pre-Pretensioning for Pre-Crash 
Braking with Pyrotechnic Pretensioner 
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For the evaluation without pyrotechnic 
pretensioners chest deflection was reduced from 
55mm to 49mm with 300N pre-pretensioning for 
the occupant without slack (Figure 11). For an 
increased pre-pretensioning force to 600N chest 
deflection was reduced to 45mm. For an occupant 
with 100mm slack chest deflection was reduced 
from 63mm to 50mm with 300N pre-pretensioning 
and to 44mm with 600N pre-pretensioning. 
 
For the evaluation of pyrotechnic pretensioners 
chest deflection was greater both without slack 
and with slack when the pyrotechnic 
pretensioners were not used (Figure 10 & Figure 
11).  However, for the occupant without slack and 
600N pre-pretensioning no reductions in chest 
deflection was observed while for the occupant 
with 100mm slack chest deflection was reduced 
from 44 to 41mm. 
 

 
Figure 11. 

Chest Deflection for Pre-Pretensioning for Pre-
Crash Braking Without Pyrotechnic Pretensioner 

 
 
DISCUSSION 
 
Generally 300N and 600N pre-pretensioning was 
found to reduce maximum forward excursion of 
both the active human body model and the THOR 
dummy model (Figure 12). Greatest total 
excursion was obtained for 100mm slack and no 
pre-pretensioning. The result from increased 
excursion was increased load on the chest from 
the airbag. The result from increased load on the 

chest was increased chest deflection. In the study 
no modifications to the airbag were included.  
 
 

 
Figure 12. 

Active Human Body Model Peak forward excursion 
(100ms into the crash): 

Blue - 100mm slack no pre-pretensioning 
Red -   100mm slack with and 600N pre-

pretensioning 
 
For both the active human body model and the 
THOR dummy model chest deflection was reduced 
for an occupant with 100mm slack when 300N and 
600N pre-pretensioning was added (Figure 7, 8, 10 
and 11). 
 
For the active human body model without pre-
pretensioning chest deflection was reduced for 
the occupant both without slack and with 100mm 
slack for the 1 second pre-crash braking loadcase 
compared to the crash only loadcase (Figure 6, 7 
and 8). For the THOR dummy model the trend was 
the opposite. Chest deflection was increased for 
the occupant without slack and with 100mm slack 
without pre-pretensioning when pre-crash braking 
was added (Figure 9, 10 and 11). In the active 
human body model the hands were holding onto 
the steering wheel and the arm muscles were 
tensed to reduce forward motion during the pre-
crash braking phase. The hands were released 
from the steering wheel at 30ms into the crash 
phase. Therefore the pre-crash kinematics 
predicted with the active human body model can 
be assumed to be more similar to human 
kinematics during pre-crash braking than the 
THOR kinematics for which pre-crash bracing with 
the arms was not included. 
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Reducing THOR dummy chest deflection from 
57mm to 42mm for an occupant with 100mm 
slack by adding 600N pre-pretensioning in 
addition to the pyrotechnic pretensioning was 
found to reduce the risk to sustain an AIS3+ injury 
from 75% to 26% for a 45 year old occupant [13]. 
 
The THOR dummy model was included in the 
study to enable potential future mechanical 
verification of the results from the active human 
body model. Therefore, the ability of the THOR 
dummy to predict human kinematics in pre-crash 
braking was evaluated by mimicking the volunteer 
tests carried out by Östh et al. (2013) [14] with 
the THOR dummy (Figure 13).  In the tests a 
passenger vehicle was travelling at 70km/h the 
velocity was reduced to 0km/h by appling the 
brakes during 2 seconds. The volunteers and THOR 
dummy were positioned in the passenger seat and 
restrained by a motor driven reversible seat belt. 
Head x-, y- and z-displacements and head 
rotations for THOR were compared to 
corresponding measurements for the volunteers. 
The volunteer tests were also virtually mimicked 
with the THOR dummy model (version 1.0) [15]. 
 

 
Figure 13. 

THOR in Passenger Seat 
 
A CORA (correlation and analysis) evaluation was 
carried out for the active human body model and 
the THOR dummy [16]. Both the mechanical and 
mathematical THOR dummy model were included 
in the evaluation. CORA uses two different 
methods to assess the correlation of signals. 
While the corridor method calculates the 
deviation between curves by using corridors, the 
cross correlation method analyses specific curve 
characteristics like phase shift or shape of the 

signals. The rating results ranges from “0” (no 
correlation) to “1” (perfect match). 
 
The CORA rating for the active human body model 
was good while the rating for the THOR dummy 
model was fair (Figure 14) [17].  For the THOR 
dummy model there was poor agreement for the 
head z-displacement. All other displacements for 
both the THOR dummy model and the active 
human body model were in the fair to good 
biofidelity range. The CORA biofidelity rating was 
considered relevant despite the fact that the 
settings for the CORA evaluation varied between 
this study and the study carried out by Barbat et 
al. (2013) [17]. 
 

 
Figure 14. 

CORA Score Active Human Body Model and THOR 
(both mechanical and mathematical) 

 
Based on the CORA rating the active human body 
model was considered a more relevant tool than 
THOR dummy model to be used for evaluation of the 
influence of pre-crash occupant kinematics from 
pretensioning the belt during pre-crash braking. 
 
Reductions in chest deflection and corresponding 
reduction in injury risk was obtained by pre-
pretensioning the seat belt. Reversible motorised 
pre-pretensioners can be activated in pre-crash 
emergency braking situations. In the event when 
there will not be a crash that after an emergency 
braking situations the pre-pretensioner can 
release the  force in the belt. However, it is likely 
that there will always be pre-crash situations in 
which the sensor system is not capable of 
detecting the imminent crash and hence the 
automatic pre-crash system will not be activated 
prior to the crash. Therefore in crash triggered 
pyrotechnic pretensioners will increase the level 
of safety for the vehicle occupants.  
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Occupant size also affects the magnitude of the 
dynamic occupant response [3]. These factors 
need to be considered when applying the current 
results—obtained with a 50th percentile male 
dummy and a single seat, seat belt and collision 
pulse—to collision conditions other than those 
tested here. 
 
Using an active human body model provides 
unique possibilities to an integrated evaluation of 
active and passive safety technologies. Specifically 
in this study, occupant responses in frontal 
impacts with a preceding event of emergency 
braking of various characteristics were evaluated. 
 
The active human body model used in the study 
represents an average driver exposed to an auto-
brake situation. The model was tuned to 
correspond to an average driver based on the 
results from the volunteer tests carried out by 
Östh et al. (2013) [14]. The model can be tuned to 
predict the response of a specific group of 
individuals, such as elderly, or to predict the 
response of one specific individual. The model can 
also be tuned to a self-braking driver or a 
passenger. 
 
In the study the effect on occupant response by 
pre-crash pretensioning the seat belt for 1 second 
pre-crash braking followed by a 56 km/h full 
frontal rigid wall crash for an average 50%-ile 
occupant was evaluated. Future analysis will 
include evaluations of both longer and shorter 
pre-crash braking durations other occupant sizes 
and other occupant crash pulses. In addition 
future evaluations will also include potential 
variations of the airbag for improved safety. 
 
Therefore future developments analysis and 
developments should contain variation in 
occupant sizes and individual characteristics in 
reactions and muscle tonus, as well as including 
other pre-crash manoeuvers besides braking. All 
these variations are challenging from a model 
development perspective as well as in terms of 
generating validation data. 
 
Future evaluations with the active human body 
model will include evaluating the influence on 
occupant kinematics of pre-pretensioning during 

avoidance maneuvers and avoidance maneuvers 
combined with braking.  
 
 
CONCLUSIONS 
 
Reducing seat belt slack by belt pre-pretensioning 
during pre-crash emergency braking can reduce 
chest deflection and injury risk in a 56km/h rigid 
wall crash. 
 
Additional reductions in chest deflection can be 
achieved with in crash triggered pyrotechnic 
pretensioning of the belt. 
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ABSTRACT 

 

Nearside occupants are at a higher risk for serious injury than far-side occupants in side impact collisions. 

Accidents where the driver is the only occupant accounts for more than 80% of all side impact injuries. This 

paper presents the results of study on sensitivity of serious injury outcome for drivers involved in nearside car 

to car (C2C) collisions, especially at intersection. In total, 865 intersection C2C crashes (NASS-CDS CY 2004-

2014) are analyzed in detail to determine the injury level outcome based on different crash factors, such as delta-

v, age, gender, striking vehicle type, impact location (F,Y,P,Z,B-regions) and impact angle. Injury sensitivity 

with respect to impact location was studied in detail. A univariate logistic regression was done to check the 

probability of a serious injury occurring between the center and end locations. A higher number of serious to 

fatal injuries (57%) occurred in the Y-region when compared to other impact locations. Additionally, a higher 

number of serious to fatal injuries (60%) occurred when the direction of impact is 10 o‘clock. Injury occurrence 

for L-type offset impacts at both ends of the vehicle’s-B and F regions, were quite low. In P and Y regions (T-

type impact), the chances of having AIS3+ injuries were higher for an impact angle of 10 o‘clock than those of 

8 and 9 o‘clock. The probability of having AIS3+ injuries was higher in senior (age>60) drivers than in younger 

drivers. When the striking vehicle changed from PV to SUV, a higher number of serious injuries were observed. 

AIS3+ injuries in head and lower extremity (including pelvis) injuries were increased, when the striking vehicle 

was a SUV as compared to a PV. But, there is not much change in the thorax region. Finally, the above real 

world accident results were also verified with barrier to car FE simulations. A certain amount of offset of the 

maximum intrusion point of the deformation profile from the occupant sitting position in both the forward 

direction (towards A-pillar) and backward direction (towards C-pillar) influences the outcome of the driver’s 

injury level. Results of the present study provides opportunity for considering new interaction terms between 

impact locations, impact directions, occupant height, vehicle type and others in improving the accuracy of 

AACN ISP algorithm injury prediction in nearside lateral collision.
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INTRODUCTION 

In the National Automotive Sampling System [1], 

(NASS, US) real world field injury data are 

collected to obtain different crash and occupant 

related information such as vehicle/ crash data, 

impact vector, occupant exposure, incidence, risk, 

and injuries to different body regions of the 

occupants inside the vehicle. This information is 

essential for (i) the development and improvement 

of new anthropomorphic test devices with the help 

of various crashworthiness studies, and (ii) 

introduction of new or modifications of existing 

vehicle safety and traffic standards to meet the 

continuous demand of an ever-changing mobile 

society around the world. Side impact crashes are 

generally critical even at low impact speeds because 

of the energy absorbing capability of side structure, 

[2],[3]. Starting with the introduction of side impact 

regulation standards, side impact New Car 

Assessment Program (SINCAP, 1996) and 

consequent upgrades of new injury criteria and the 

specification of the side impact ATD device in the 

front and rear seating positions [4],[5],[6] the 

crashworthiness and occupant safety performance 

of new generation vehicles have been improved 

considerably, in last decade. These are the 

contributions of various valuable past research 

works [7],[8],[9] including those of full-scale 

vehicle MDB and pole tests conducted using 

different types of advanced internal instrumentation. 

With the introduction of the present IIHS’s PV-vs-

SUV C2C tests and future advanced biofidelic 

ATDs (50th-ile World SID) for occupant safety 

evaluation, more studies are necessary to identify 

the remaining scopes of possible improvements and 

further reduction of fatalities based on real world 

accident analysis. A recent study indicates that 

approximately 40% police-reported rear-end 

crashes may have been prevented if all vehicles 

were equipped with FCW with AEB. Cicchino [10] 

mentioned that AEB systems that perform at a full 

range of speeds would likely prevent more crashes 

and injuries. Hence, in the near future, the present 

AEB market trend will lead to more attention and 

focus on C2C intersection crashes when the share of 

AEB in PV will reach 99% by 2022 in US [11].  The 

objective of this study is to focus on the sensitivity 

analysis of injury pattern in C2C side impact 

intersection collisions of passenger vehicles to 

indicate various effects, such as, impact location, 

impact angle, striking vehicle type, gender, and 

height of the driver. Using CY1995-2005 NASS-

CDS data, Xinghua et.al, 2012 [12], indicated the 

importance of the consideration of the crash 

configurations beyond the scope of existing side-

impact regulatory tests and stressed the necessity of 

vehicle crashworthiness and restraint system design 

to better protect occupants in real-world crash 

scenarios. However, this present study used more 

recent crash data (CY 2004-14 NASS-CDS) to 

capture the current trends of driver injuries in newer 

vehicles and also verified the accident analysis 

trend with numerical FE simulations.  

 

DATA & METHODS 

This study used National Automotive Sampling 

System Crashworthiness Data System (NASS-CDS) 

accident data from calendar year 2004 to 2014. Table 

1 shows the assumptions used to prepare the input data 

set in this study. The accident samples are limited to 

car to car intersection side imact planar collisions (i.e., 

excluded crashes with primary general area of damage 

as top or bottom and rollovers). Values with unknowns 

have been removed. In total, 865 vehicles were 

extracted using criteria, to perform the accident 

analysis and logistic regression [13] analysis (details 

of which are described in later sections). Logistic 

regression is used to determine the effect of impact 

location on serious injuies occurring in side impact 

and results were calculated using XLSTAT software 

[14].     

 

Table 1. 

List of criteria for input dataset 

 

General Area Damage1=Left 

Direction of Force DOF=8, 9, 10 

Impact Location=F, P, Y, B, D, Z 

Body Type 

PV (1-9,17) 

Model Year>=2000 

Driver Role=1, 

(Seat Position=11) 

Age16+ 

V2V OBJCTD<=30 

Towed Away Vehicles 

No Ejection 

No Rollover 

No Fire Occurrence 

Excluded AIS7 injury 

 

Table 2 shows the final data set extracted from NASS 

CDS CY 2004-14 using the criteria mentioned in 

Table1. In total, 865 occupants with 3941 injuries 

involved in near side impacts were selected with six 
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collision deformation codes( F, P,Y, Z, D, B) and three 

main impact angles (8, 9, 10 o’clock) as shown in 

Figure 1. A weighted count of the number of AIS 

injuries in six impact locations and three impact angles 

were mentioned in Table A1 of Appendix A. It is 

found from the data that serious AIS3+ and minor 

AIS1&2 injuries were 14.5% and  85.5%, respectively. 

 

Table 2.  

List of input dataset  

 

 Weighted data  Raw data 

Occupants 181,514 865 

Injuries 3,057,702 3941 

 

 
 

Figure 1.  NASS-CDS collision deformation code 

(8, 9, 10 o clock are impact angles) 

 

RESULTS 

This section discuss the injury pattern of occupants 

involved in car to car collisions at intersection. The 

parameters considered in this study as folows: delta-v, 

age, gender, striking vehicle type, impact location, 

impact angle. Injury sensitivity with respect to impact 

location is studied in detail and verified with barrier to 

car FE simulations. A univariate logistic regression 

was carried out to check the probability of serious 

injury occurance between the center and end locations. 

 

Variation of Serious Injuries in Individual Body 

Region  

Figure 2 shows the AIS3+ serious injury distribution 

with respect to each body region for the occupants 

involved in near side impacts. It is observed that the 

thorax region has highest number of AIS3+ injuries 

(40%), follwed by the head (33%) and the lower 

extremities including the pelvis region (12%). It is 

evident that thorax and head are more likely to have 

AIS3+ injuries among all the regions in side impact 

collisions.  

 

 
 

Figure 2.  Distribution of AIS3+ injuries in side 

impact with respect to each body region 

 

Variation of Serious Injuries with Delta-V and 

Max Crush Value  

Figure 3 shows the variation of  AIS3+ injuries with 

respect to delta-V. As the delta-v increases, the 

percentage of AIS3+ injured occupants increases. 

Figure 4 shows the variation of AIS3+ injuries with 

respect to the amount of deformation (maximum crush 

value). It should be noted that generaly the amount of 

deformation on external body depends on the impact 

velocity and strength of  the vehicle. As the  impact 

velocity increases, the level of AIS3+ injuries also 

increases and similar relationship exists with amount 

of external deformation value. 

 

 
 

Figure 3.  Variation of AIS3+ injuries with 

respect to Delta-V 
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Figure 4.  Variation of AIS3+ injuries with 

respect to deformation (cm) 

 

Variation of Serious Injuries in Senior and Non 

Senior Occupants 

Table 3 summarizes the details of AIS3+ injuries for 

senior (age≥60) and non-senior (age<60) occupants. 

Senior occupants are more likely to sustain AIS3+ 

injuries than non-senior occupants in side impacts. 

 

Table 3.   

AIS3+ injuries in senior and non-senior 

occupants  

 

Age 
Senior 

(Age≥60) 

Non 

Senior(Age<60) 

Occupant count 187 678 

AIS3+ / AIS1-6 17% 13% 

 

Variation of Serious Injuries in Female and Male 

Occupants 

Figure 5 shows the distribution of vehicles by the 

number of occupants. In the side impact accidents 

analyzed, 80% of the vehicles were  driver alone and 

20% had more than one occupant.  

 

 
 

Figure 5.  Distribution of vehicles with number of 

occupants present in side impact accidents 

Within the driver alone population of PV, it is found 

that 64% of drivers were female and only 36% were 

male drivers. So the female drivers are more likely to 

get involved in side impact accidents at intersection 

than the male drivers in PV. The percentage of AIS3+ 

injuries corresponding to  all six types of defomation 

locations and that of the combined P & Y regions 

corresponding to more cabin intrusion, are shown in 

Figure 6 for both male and female drivers. Female 

drivers suffered a higher number of AIS3+ injuries 

(57%) than male drivers (29%) in all regions. It is 

observed that the percentage of  AIS3+ injury is more 

for occupants at P & Y locations (71%-female, 43%-

male) when compared to that of all six regions (57%-

female, 29%-male). It is observed that the percentage 

of AIS3+ injuries for females at P & Y locations when 

compared to that of all six regions. Percentage of 

AIS3+ injury is the ratio of number of AIS3+ injuries 

divided by total number of injuries (AIS1-6) in the 

specified regions for both male and female drivers. 

 

 
 

Figure 6.  Percentage of AIS3+ injuries in all six 

deformation locations and P+Y regions alone 

 

The variation of AIS3+ injuries is  plotted with respect 

to the occupant height for both female and male 

drivers as shown in Figure 7.  Using secondary axis of 

the right of this Figure 7, individual percentages of 

each category with respect to the total population 

(female and male drivers) are also overlayed on it for 

better visualization. First, the percentage of AIS3+ 

injuries is  higher for shorter female drivers and as the 

height of the occupant increases, the percentage of 

AIS3+ injuries start to decrease. So, it is observed that 

the chances of having AIS3+ injuries are higher for 

shorter female drivers (corresponding to AF05, the 5th 

percentile female population which is around 151-155 

cm in height).  
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Figure 7.  Variation of AIS3+ injuries with 

respect to height of occupant for both female and 

male and percentage of total population 

 

Table 4 summarizes the average height of females and 

males for PV and SUV struck vehicle. Within  the 

AIS3+ population, the average height of the female 

drivers (164 cm-PV, 165 cm-SUV) is less than that of 

the male drivers (177 cm-PV, 178 cm-SUV). The 

average hieght difference between female and male is 

13 cm.  

 

Table 4.  

Average of height of female and male 

 

When the PV as struck vehicle 

AIS3+ population Avg. Height (cm) 
Female (110) 164 
Male (83) 177 
When the SUV as struck vehicle 

AIS3+ population Avg. Height (cm) 

Female (19) 165 

Male (11) 178  
 

 

Variation of Serious Injuries with Striking 

Vehicle Type (PV v/s SUV) 

With increasing market share of SUV vehicles, the 

effect of the striking vehicle is also an important factor 

to be studied in side imapcts to check the sensitivity of 

injuryies. In this analysis, we studied the effect of 

injury sensitivity when a passanger vehicle was struck 

by either an SUV or PV. Looking at the percentages of 

vehicle types in total striking vehcile population of this 

study, it is also observed that PV has the highest share 

with 48% followed by the SUV with 23%. The 

percentage of AIS3+ injuries are given in Figure 8 for 

PV and SUV striking vehicles. The percentages of 

AIS3+ injuries are higher when the striking vehicle 

type is a SUV (70%)  than when it is a PV (60%). The 

results compare the percentage of AIS+3 injuries when 

impact location is only P & Y regions with that for all 

the all the regions. It is evident that the chances of 

having AIS3+ injuries are more at the P & Y regions 

than that of all the regions for both types, PV and SUV 

striking vehicles. The percentage of AIS3+ injuries for 

female and male drivers are plotted in Figure 9 when 

the striking vehicle changes from PV to SUV. The 

chances of having higher AIS3+ injuries for female 

drivers are higher when  struck by a SUV than those 

by a PV.  

 

 
 

Figure 8.  Variation of AIS3+ injuries with 

striking vehicle (PV v/s SUV) for all six regions 

and P & Y regions 

 

 
 

Figure 9.  Variation of AIS3+ injuries with 

striking vehicle (PV v/s SUV) for male and female 

 

Figure 10 shows the variation of AIS3+ injuries in four 

body regions (head, thorax, abdomen, lower 

extremities) for both PV and SUV striking vehicles. 

It is observed that the AIS3+ injuries in the head, lower 

extremity (including pelvis) and abdomen regions are 
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increasing more than that in thorax when the type of 

striking vehcile is changed from PV to SUV. The 

following three mechanisms usually observed in IIHS 

side impact test conditions will explain the change in 

injury pattern related to SUV and PV striking 

vehicles[18].   

(a) Matching of bumper height of SUV with the 

pelvis height of small females and less 

engagement of sill member of the struck vehicle 

with bumper of the striking vehicle may lead to 

more lower extremity injuries.  

(b) Shorter females’ upper torso, spinal cord and head 

will laterally bend more towards the window side 

due to higher input load near the pelvis and 

abdomen regions. 

(c) More intrusion at the abdomen region for SUV 

striking vehicle will lead to more abdomen 

injuries. 

 

 
 

Figure 10.  Variation of AIS3+ injuries for 

different body region in P & Y region  

(PV v/s SUV) 

 

Variation of Serious Injuries with Respect to 

Impact Location and Impact Angle 

Figure 11 shows the percentage of AIS3+ serious to 

fatal injury distribution with respect to the impact 

location and impact angle, respectively. A higher 

number of serious to fatal injuries (57%) occurred 

in Y-region when compared to other impact 

locations and a higher number of serious to fatal 

injuries (60%) occurred when the direction of 

impact is 10 o‘clock. Injury occurrence for L-type 

offset impacts at both ends, B and F regions, were 

the lowest of all locations studied. In P and Y 

regions (T-type impact), the chances of having 

AIS3+ injuries were higher for an impact angle of 

10 o‘clock than for angles of 8 and 9 o‘clock. Figure 

12 shows the variation of AIS3+ injuries with respect 

to impact angle. A 10 o’ clock impact has a higher 

number of AIS3+ injuries (60%) than other impact 

angles. 

 

 
 

Figure 11.  Distribution of AIS3+ injuries in side 

impact with respect to impact location and angle 

 

 
 

Figure 12.  Variation of AIS3+ injuries with 

respect to impact angle 

 

Though the current IIHS side impact test configuration 

is mainly focused for P-region to reduce compartment 

intrusion, from this accident analysis it is observed that 

the Y-region is having higher number of AIS3+ 

injuries than the P-region.  

 

Logistic Regression Test 

A statistical test was performed to determine the 

probability of AIS3+ injuries with respect to impact 

location. Out of 865 vehicles, 550 vehicles were 

considered. To understand the sensitivity of injuries 

with respect to impact location, the side regions of 

the vehicle area is divided into two separate 

categories i.e. both ends as one category and the 

central region as another category, as shown in 

Figure 13. The cases whose impact location is in 

front (F region) and back (B region) were combined 

into one (end region) and the cases whose impact 

location is other than the front and back are 

considered as impact happening at the center. It is 
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observed that 30% and 9% of AIS3+ injuries were 

happening at the center and end regions 

respectively.  

 

 

Figure 13.  Classification of impact location into 

two: 1) center and 2) end regions 

 

A univariate binary logistic regression test was 

carried out to test the significance of being impacted 

at center than at the two ends away from A and C 

pillars. As shown in Table 4, a statistical 

significance (p<0.05, chi square test) is found 

between the AIS3+ injury (dependent variable) and 

impact location (independent variable). The results 

also show that the odds ratio between the impact at 

center and impact at two end locations is 6.08. 

Hence, impact at the side center location is 6 times 

as likely as impact at vehicle side end locations 

leading to AIS3+ injuries. Impact locations at the 

side front (away from A pillar) and the side end 

(away from C pillar) regions may be safer than that 

at side central region (close to driver seating 

position) to cause comparatively less serious AIS3+ 

injury in near side collisions. 

 

Table 4.  

Logistic regression test  

  

AIS3+ 

prediction Value 
Wald 

Chi-

Square 
*p > Chi² Odds 

ratio 
Constant -3.81 43.96 < 0.0001  
Impact 

@end 
(reference) 

0.000    

Impact 

@centre 1.80 9.19 0.002 6.08 

Statistically Significant *p<0.05 

Verification of Serious Injury Sensitivity by FE 

Simulations 

This section discuss the results of AIS3+ injury 

sensitivity obtained from a series of full vehicle FE 

simulations. The above real world accident results 

were also verified with barrier to car digital 

simulation. 

For the FE simulation, a Movable Deformable 

Barrier (MDB) is used to hit the passenger vehicle 

fitted with AM50% dummy in driver seating 

position. This test is (was) done with an impact 

angle of 270 degrees (9 o’clock) and with an impact 

speed of 62 km/h. The MDB hits the vehicle at 

different impact locations as shown in Figure 14.  

First, it was hit at the center (close to the driver 

seating position) and injured values were measured. 

This injury value were used as a reference to 

compare with those of other locations.  Barrier 

impact position was changed by 250 mm of several 

increments for both forward and rear side of the 

center reference position.  

 

 
Figure 14.  FE simulation test configurations 
with center (base): SINCAP  

 

As shown in Figure 15, the chest injury values 

decrease as the closest impact edge of the barrier 

moves away from driver. There is a significant 

reduction of injuries (40%) as the impact location 

moves away from the center to end regions. To 

determine the probability of AIS3+ injury at 

different impact locations, the US-NCAP side 

impact chest injury risk curve for dummies, as 

mentioned in Equation 1 [15], has been considered 

here. All of the serious injury probabilities were 

calculated and shown in Figure 16. It is observed 

that the probability values of AIS3+ injuries are 

decreasing rapidly as the impact location moves 

away from the center, the reference position. But the 

injuries at 250 mm and 500 mm were increasing 

because they are very close to B pillar (driver’s 

seating position). Both accident analysis and FE 

simulation results confirm that higher number of 

injuries at center and lower number of injuries at 

end locations. Hence, from driver’s seating position 

and injury occurrence point of view, the impact 

% of AIS3+injuries 
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locations in F (front end) and B (back end) regions 

are safer than those at P and Y (at center) regions.  

 

Figure 15.  Chest injury sensitivity w.r.t location 

of impact (base: SINCAP) 

 

 

 

                                                                                  (1) 

 
 

Figure 16.  Probability of AIS3+ chest injury 

w.r.t location of impact (base: SINCAP) 

 

DISCUSSION 

Similar injury reduction is observed in other body 

regions (abdomen and pelvis) and the results are 

mentioned in the Appendix. Injury sensitivity is also 

verified with 10 and 8 o’clock impact angles. All of 

the injury values decrease quickly as the impact 

location changes from center to end. Please note that 

only 9 o’clock impact angle FE simulation results 

are explained in detail in this paper but not the 

results of other angles. Similar changes in injury 

patterns with respect to different impact locations 

were observed when the AM50 was replaced with 

the AF05 dummy in IIHS test condition. This was 

done to verify the changes in injury patterns in both 

average males and shorter females. Since the 

serious injury outcome is changing with position of 

impact location, the results of this analysis provides 

some indications how to consider different 

interaction terms between impact locations, impact 

directions, gender, height etc., in improving the 

Injury Severity Prediction (ISP) algorithm related 

Advanced Automatic Collision Notification 

(AACN). It is discussed in detail in reference [16]. 

So adding an interaction terms to a model 

drastically changes the interpretation of all of the 

coefficients [16, 17]. If there were no interaction 

terms, the angle of impact would have unique effect 

of ISP. But the interaction means that the effect of 

each variable on ISP is different for different values 

of other independent interacting variables such 

impact locations, gender and others. 

LIMITATIONS 

Please note that all the above mentioned results 

were verified for only PV struck vehicles in C2C 

intersection accidents but not for other vehicle types. 

A limited number of cases were studied in this 

research work. However, considering all possible 

accident scenarios, more detailed verifications are 

needed by using various combinations of physical 

C2C experiments and simulations using different 

dummies and types of vehicles in order to make any 

generalized statement as stated above. It is also 

necessary to do similar accident analysis for other 

countries for verification.  

CONCLUSION 

This paper discussed the sensitivity of the injury 

patterns of C2C side impact accidents at intersection 

for PV vehicles using NASS CDS CY 2004-2014 data. 

The following specific conclusions can be drawn from 

this study:- 

 

a) More than 80% of C2C side crash intersection 

accidents are driver-alone cases and within that 

population, female are more likely to have AIS3+ 

injuries than male drivers. Shorter females (AF05) are 

most likely to have AIS3+ injuries. Further detail 

study with more accident data is necessary to identify 

the effect of gender difference (male and female)  for 

shorter populations.  

 

b) SUVs produces a higher number of AIS3+ injuries 

than PVs as the striking vehicle. AIS3+ injuries in 

head and lower extremities (including pelvis) injuries 

increases when the striking vehicle is an SUV, when 

compared to PV. But there is not much change 

observed in thorax region.  

 

c) A higher number of  AIS3+ injuries occur in side 

distribution Y  location than the side center P location. 

Crashes which occur at a 10 o’clock impact yield a 

higher number of AIS3+ injuries than at the 9 o’clock 

impact angle in both P and Y regions. Injury 

P 
(Chest)

 (AIS3+)                                                           

=
𝟏

(𝟏+𝐞𝐱𝐩(𝟓.𝟑𝟖𝟗𝟓−𝟎.𝟎𝟗𝟏𝟗∗𝒎𝒂𝒙.𝒓𝒊𝒃 𝒅𝒆𝒇𝒍𝒆𝒄𝒕𝒊𝒐𝒏 𝒊𝒏 𝒎𝒎))
    



 

PAL 9 

 

probability occurance with impact at the center is 6 

times more than the end regions(F&B). The level of 

injuries decreases rapidly as the closest impact edge of 

the striking vehicle moves away from the side center 

location to the side-end locations in barrier to car 

simulations. 
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NOMENCLATURE: 

 

NASS CDS: National Automotive Sampling System 

Crashworthiness Data System 

AIS: Abbreviated Injury Scale (1998 version) 

AM50: 50th percentile American male 

AACN: Advanced Automatic Collision 

Notification 

ISP: Injury Severity Prediction 

AF05: 5th percentile American female 

IIHS: International Institute of Highway Safety 

NCAP: New Car Assessment Program 

http://www.sciencedirect.com/science/journal/00014575/81/supp/C
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PV: Passenger Vehicle 

SUV: Sport Utility Vehicle 

C2C: Car to Car 
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Table A1. Weighted count of AIS injuries with respect to different impact locations and impact angles 

(Percentage of injuries mentioned in bracket) 

 

AIS 
Count 

Number 
(%) 

Impact Location And Impact Angle 
Total 

B D F P Y Z 

8 9 10 8 9 10 8 9 10 8 9 10 8 9 10 8 9 10  

  
  
  
  
  

M
in

o
r 1 

749 

(0.02) 

8989 

(0.29) 

9845 

(0.32) 

15777 

(0.52) 

92553 

(3.03) 

59675 

(1.95) 

43598 

(1.43) 

40363 

(1.32) 

154546 

(5.05) 

31883 

(1.04) 

112872 

(3.69) 

246761 

(8.07) 

32072 

(1.05) 

342155 

(11.19) 

635380 

(20.78) 

51117 

(1.67) 

150363 

(4.92) 

214234 

(7.01) 

2242934 

(73.35) 

2 
81 

(.003) 

541 

(0.02) 

652 

(0.02) 

221 

(0.01) 

47287 

(1.55) 

5540 

(0.18) 

5526 

(0.18) 

3609 

(0.12) 

4329 

(0.14) 

15444 

(0.51) 

27416 

(0.90) 

29715 

(0.97) 

7821 

(0.26) 

31835 

(1.04) 

138125 

(4.52) 

11073 

(0.36) 

22590 

(0.74) 

21433 

(0.70) 

373238 

(12.21) 

  
  
  
  
  

  
  
  

S
e

ri
o

u
s

 

3 
81 

(.003) 
- - 

213 

(0.01) 

33138 

(1.08) 

1606 

(0.05) 
- 

4595 

(0.15) 

2032 

(0.07) 

12901 

(0.42) 

20402 

(0.67) 

23427 

(0.77) 

3471 

(0.11) 

41068 

(1.34) 

164213 

(5.37) 

4935 

(0.16) 

8617 

(0.28) 

8921 

(0.29) 

329619 

(10.78) 

4 - - - - 
10353 

(0.04) 

391 

(0.01) 
- 

528 

(0.02) 

330 

(0.01) 

2371 

(0.08) 

6197 

(0.20) 

11376 

(0.37) 

2678 

(0.09) 

4588 

(0.15) 

26278 

(0.86) 

1581 

(0.05) 

757 

(0.02) 

5322 

(0.17) 

72750 

(2.38) 

5 - - - - 
2352 

(0.08) 
- - - 

165 

(0.01) 

2371 

(0.08) 

439 

(0.01) 

10373 

(0.34) 

848 

(0.03) 

771 

(0.03) 

9350 

(0.31) 

3463 

(0.11) 

4199 

(0.14) 

2036 

(0.07) 

36368 

(1.19) 

6 - - - - 
1330 

(0.04) 
- - - - - - - - - 

391 

(0.01) 

484 

(0.02) 
- 

589 

(0.02) 

2793 

(0.09) 

 

3+ 
81 

(0.03) 
- - 

213 

(0.01) 

47172 

(1.54) 

1997 

(0.06) 
- 

5124 

(0.16) 

2527 

(0.09) 

17643 

(0.58) 

27038 

(0.88) 

45176 

(1.48) 

6997 

(0.23) 

46427 

(1.52) 

200232 

(6.55) 

10463 

(0.34) 

13572 

(0.44) 

16868 

(0.55) 

441530 

(14.55) 

AIS 1-6 
912 

(0.02) 

9530 

(0.31) 

10497 

(0.34) 

16211 

(0.54) 

187012 

(6.12) 

67213 

(2.20) 

49124 

(1.61) 

49096 

(1.61) 

161402 

(5.28) 

64970 

(2.12) 

167326 

(5.47) 

321652 

(10.52) 

46891 

(1.53) 

420417 

(13.75) 

973738 

(31.85) 

72652 

(2.38) 

186526 

(6.10) 

252534 

(8.26) 
3057702 

 

AIS3+: 14.5% injuries, AIS1&2: 85.5% injuries  

 

 
 

Figure A1.  Pelvis injury sensitivity with respect to location of impact 
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Figure A2.  Probability of AIS3+ pelvis injury with respect to location of impact 

 

 

 
 

Figure A3.  Abdomen injury sensitivity with respect to location of impact 

 

 

 
 

Figure A4.  Probability of AIS3+ abdomen injury with respect to location of impact  

 

Equation 2 shows the probability of pelvis AIS3+ injury  
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Equation 2 shows the probability of abdomen AIS3+ injury  
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ABSTRACT 
 
Engineered systems in today’s automobiles are often designed and built to meet conflicting and complex 
requirements. While mobility is a car’s primary function, accomplishing that in an energy-efficient manner 
and ensuring the safety of the occupants are critical requirements. Automotive OEMs, therefore, are 
aggressively working on making vehicles lighter without compromising its safety. Meeting such complex 
requirements often requires solutions encompassing innovative designs, manufacturing processes and multi-
material systems.   

This paper focuses on the development of lightweight metal-plastic body-in-white (BIW) solutions. A generic 
vehicle validated for high-speed crash scenarios such as full frontal impact, side deformable barrier impact, 
side pole impact and rollover (roof crush resistance) is chosen for the feasibility study of developing hybrid 
lightweight solutions using metals and thermoplastics. Various weight reduction opportunities by either 
replacing the existing metal reinforcements in the BIW or by replacing a complete sub-system such as B-pillar 
were explored using metal-plastic hybrid combinations. Developed reinforcements include those in the floor 
rocker, rails, floor etc. A combination of high heat unfilled thermoplastic resins (tough and ductile) or fiber 
reinforced thermoplastic resin (high stiffness and strength) and metal are chosen appropriately depending on 
the requirements. For instance, an unfilled thermoplastic resin over-molded with multiple metallic inserts 
was chosen to replace the incumbent energy-absorbing members in the floor rocker for side impact, and 
fiber compounded thermoplastic resin over molded with a metallic insert is chosen to replace the existing B-
pillar with comparable crash performance. The developed lightweight hybrid B-pillar replaces a multi-piece 
B-pillar made of high-strength steel. The metal inserts in the hybrid systems are exploited for assembly ease 
in the BIW structure. Such a solution not only offers part integration possibilities with equivalent crash 
performance as that of the baseline system, but also opens the door for replacing the high-strength steel 
used in the BIW with a medium-strength steel.  

A significant weight reduction potential (approximately 30%) is observed as the baseline BIW structures were 
down-gauged with overmolded thermoplastics. Thermoplastic material overmolded on steel plays a crucial 
role in avoiding localized buckling of the BIW structures and in absorbing impact energy as and when 
required.         

The developed solutions – validated using CAE studies – are further correlated using component level studies 
with a generic 800 mm long metal-plastic system weight 1.6 kilograms. This system is subjected to 3-point 
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bending and force vs. deflection characteristics and the deformation kinetics in the above loading scenario is 
correlated using sub-system level CAE studies.    
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INTRODUCTION 

Automotive safety regulations, in general, can be 
categorized as those that ensure occupant safety 
and those that regulate pedestrian safety. While the 
latter is achieved by designing an optimum bumper 
and a bonnet, the former warrants a combination of 
appropriate design of vehicle body-in-white (BIW) 
and incorporation of additional safety features such 
as airbags, seat belts, etc. inside the vehicle. As the 
BIW accounts for majority of the mass of a vehicle, it 
also plays an important role in defining the 
energy/fuel needs of a vehicle.    

While there are significant developments in solar 
energy, fuel cells and other such renewable sources 
of energy, fossil fuels still remain the most common 
and preferred source of energy for automobiles. This 
continues and the ever-increasing use of fossil fuels 
has serious undesirable impact to our environment 
resulting in global warming and more importantly on 
the sustainability of humankind. Thus, to make sure 
that the current usage of fossil fuels does not 
jeopardize the potential for people in the future to 
meet their energy needs, the U.S. government (later 
supported by other regulatory bodies in different 
parts of the world) introduced the concept of 
Corporate Average Fuel Economy (CAFE) standards 
in 1975 [1]. Its primary objective is to reduce the 
energy consumption by increasing the fuel economy 
of light trucks and cars, which also indirectly results 
in reducing greenhouse gas emissions. An in-depth 
study of worldwide statistical data indicates that 
automobile manufacturers need to come up with 
bold solutions in the next few years, as CO2 emission 
reduction targets for the next 10 years are nearly 
double of what has been achieved in the last 10 
years [2].       

Studies and surveys performed by several institutes 
[3] show that light weighting is so far the most 
promising option for automobile manufacturers to 
address 2025 CAFE industry standards (refer Figure 
1). It is worthwhile to note that some of the survey 
respondents focus on multiple technologies and 
hence a cumulative score of more than 100% as one 
could observe in the figure. Lightweighing, though 
seemingly relatively simple, is not the most 
convenient option to implement in a vehicle due to 
several factors mentioned below.  

1. It can have an adverse effect on other factors 
such as the dynamic stability and noise, 

vibration and harshness (NVH) performance of 
the vehicle.  

2. Strength and stiffness of application/part being 
replaced with a lighter solution should not be 
compromised as it can negatively impact the 
long-term performance and more importantly 
the crash performance of the vehicle.  

 

Figure 1.Technologies being focused by industries to 
help to meet 2025 industry standards. Adapted and 
recreated from [3].         

This paper investigates one of the short-term 
lightweighting approaches for automobiles. The 
approaches explained in the paper are focused on 
replacing hang-on parts with a lightweight and 
optimally designed system while making sure that 
this replacement does not result in reduced crash 
performance of the car.  

The remaining part of this paper is divided into five 
sections as follows. The first section explains why the 
body-in-white (BIW) reinforcements are targeted for 
the lightweighting of automobiles. The next section 
of the paper deals with identifying a realistic weight 
reduction potential in an automobile using BIW 
reinforcement concepts. This is performed by 
developing solutions for one of the vehicle platforms 
for which a validated computer aided engineering 
(CAE) model was developed by the National Crash 
Analysis Center at George Washington University. 
The third section includes the preliminary crash 
performance evaluation of the conceived lightweight 
vehicle, and the comparison of the performance 
with the baseline solution. The next section explains 
how the performance of such lightweight BIW 
reinforcement solutions can be validated using 
component level tests. The last section contains an 
overall summary, thoughts on future work required 
and some concluding remarks.  
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AUTOMOTIVE LIGHTWEIGHTING 

It is estimated that a vehicle’s typical subsystem 
mass distribution is led by the body [4]. On average, 
it amounts to 37% of the total mass of a vehicle. This 
is followed by the chassis (30%), powertrain (14%), 
interior (12%), electrical (4%), and the remaining 3% 
contributed by Heating, Ventilating and Air 
Conditioning (HVAC) and powertrain cooling 
systems. A similar distribution are reported by other 
research papers too [5-6]. Though the numbers and 
ranking reported by other studies can vary, most of 
those studies unanimously show that body and 
chassis contribute to roughly 65% of the total mass 
of the car. It is, therefore, important that one view 
the BIW as a major lightweighting region of the car. 
Numerous options including alternate materials, 
optimum geometrical configurations and diverse 
manufacturing methods are being investigated in the 
literature to take out the mass from the BIW without 
compromising the car’s performance [7-10].  
Automobile manufacturers also need to make sure 
that the resulting increase in cost is maintained 
within acceptable levels.  

  

Figure 2. Mass distribution in a typical automobile. 
Adapted and recreated from [4].         

Each application in an automobile is unique in its 
own way. Interior trim applications, which are 
typically made of plastics, need not offer high 
stiffness and strength, but should provide the 
aesthetics and premium looks for the occupant 
sitting inside the car and should also have provisions 
for sufficient storage holders. Similarly, polyurethane 
foam used in seats should offer the passenger 
sufficient comfort and cushioning effect. Likewise, a 
car’s BIW has to provide sufficient support and 
mountings to other parts in a car including the 
engine and powertrain, suspension, body panels, 
glazing and so on. The BIW is also the major energy-

absorbing member in an automobile in the event of 
a high-speed crash.  Figure 3 shows typical materials 
used and a few major relevant applications using the 
same in an automobile. As you would notice, each 
material has its own pros and cons, making it more 
appropriate or not appropriate for certain 
applications. For example, it would be highly 
challenging to achieve the required cushioning and 
comfort of a seating system using high strength steel 
(HSS). Similarly, it would be tough to imagine 
polyurethane foam replacing the BIW, which is 
typically made using steel, HSS or aluminum.  Certain 
applications can be designed and made of multiple 
materials. The BIW of a car is a one such application. 
A typical low-cost and heavy vehicle uses 
conventional stamped steel parts to constitute its 
BIW. More expensive and probably lighter cars use 
HSS or aluminum for manufacturing its BIW. Even 
more expensive cars such as sports cars, which 
demand the lightest possible vehicle with superior 
dynamic stability, use composites predominantly to 
make most of its parts. Figure 4 shows cost 
implications and lightweighting potential in a car 
using different materials. It is worth noting that the 
conventional medium strength steel is used as the 
baseline for this comparison.  

 

Figure 3. Various materials, applications and why 
those materials are used for those applications in 
automobiles. Adapted and recreated from [10].   

Why BIW Reinforcements for lightweighting?  
As mentioned in the earlier section, a vehicle’s BIW 
is typically made using stamped steel parts. Several 
stamped steel parts are welded together to form the 
complete BIW. In general, it is difficult to achieve 
local stiffening or softening effect in a stamped steel 
parts. This is primarily because the raw material 
used for the stamping or metal forming operation is 
a blank with uniform thickness. The only way to vary 
the stiffness along the length of a stamped steel part 
is by smart geometrical variations, which beyond a 
limit is infeasible as it is limited by the draw ratio. 
This is true with other materials, too, such as 



Munjurulimana 

aluminum wherein the parts are typically made using 
an extrusion process. Needless to mention, achieving 
local stiffness variation in an extruded aluminum 
part is even more challenging. Automobile designers, 
therefore, generally make use of local 
reinforcements in a car’s BIW to improve the 
stiffness and strength at certain selective locations. 
The center portion of the B-pillar, roof, A-pillar 
center and rocker as shown in Figure 5 are a few, 
examples of such reinforcements [11]. Similar 
reinforcements exist in other parts of the BIW such 
as rails, floor and C-pillar. These reinforcements are 
typically made of HSS and are separately welded 
onto the part.  

 

Figure 4. Impact of lightweight materials on the 
part cost for a typical automotive application. 
Adapted and recreated from [10].         

Each reinforcement in the BIW has different 
functions. For example, in the case of the B-pillar, 
the reinforcement is provided in the center to 
prevent the undesired local buckling of the B-pillar 
during a side impact and a roof crush/roll over 
scenario. The rocker reinforcement absorbs the 
greatest share of energy during a pole impact event. 
A reinforcement in a rail can absorb energy during a 
high-speed frontal crash. It may also provide an 
additional local stiffening effect in the vertical 
direction at engine mount locations in the rails. 
These reinforcements in the rails, therefore, can also 
reduce the transfer of engine vibration to the BIW of 
the vehicle to a greater extent. Considering all these 
factors, one can say that BIW reinforcements can be 
appropriate applications to target for lightweighting 
in an automobile as:  

1. Replacement of BIW reinforcements with lighter 
and hybrid reinforcements does not require any 
major changes in the existing assembly line. 

2. Potential weight reduction possibilities are 
significant as multiple reinforcements are 
present in a vehicle.  

3. One does not need to be concerned about 
joining techniques as the same welding process 
or adhesives can be used to join the new 
solution to the BIW.  

Figure 6 shows a schematic representation of few 
potential BIW reinforcement applications using a 
thermoplastic, metal-plastic or composite-plastic 
solution. Details of the development of such 
solutions for a realistic vehicle platform and the 
potential weight reduction possibilities is 
demonstrated in the next section.  

          

 

Figure 5. Few BIW reinforcements in typical 
automobile. Adapted from [11].   

 

Figure 6. A realistic representation of BIW 
reinforcements in a vehicle using plastic, metal-
plastic and other hybrid concepts.  

DEVELOPMENT OF BIW REINFORCEMENTS 

This section aims to demonstrate the weight-
reduction potential in a realistic vehicle platform by 
replacing a few of its BIW reinforcements by lighter 
plastic or hybrid solutions. A finite element model of 
one of the car models developed by FHWA/NHTSA 
National Crash Analysis Center at George 
Washington University [12] is used as a baseline 
vehicle for this study. The identified vehicle is a 
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sedan weighing approximately 1070 kg. This vehicle 
was chosen for the study because:   

1. This vehicle was one among the well correlated 
vehicle finite element (FE) models from the set 
of several available.  

2. This vehicle model has reinforcements in the A-
pillar vertical member, front rails, B-pillar, and 
rocker. Thus, the weight reduction potential by 
replacing all four reinforcements can be studied.    

 

Figure 7. Identified vehicle models for the 
lightweight BIW reinforcement development study. 
Adapted from [12].  

As mentioned earlier, four reinforcements were 
selected to study the lightweighting potential in this 
vehicle platform. These are floor reinforcements, 
reinforcements in the vertical A-pillar, front rail 
reinforcements, an integrated and lightweight rocker 
solution and a metal-plastic B-pillar system replacing 
four out of the existing 5-piece B-pillar in the vehicle. 
While lighter solutions are achieved in the first two 
applications purely by replacing the existing steel 
inserts by injection molded thermoplastic systems, 
the last three applications realize the weight 
reduction by combining a multiple steel stamped 
solution to a single-piece metal-plastic over molded 
solution. The metal in the metal-plastic solutions are 
down-gauged significantly compared to the existing 
solutions, and thermoplastics are molded onto it to 
compromise the reduced stiffness as a result of the 
down-gauging of the steel part.  These solutions, 
therefore, not only offer significant lightweighting 
opportunities, but also offer part integration 
possibilities in many cases. Figure 8 to Figure 11 
show the details of the conceived lighter solutions. 
Appropriate meshing, morphing and preprocessing 
software [13] was used to conceive these solutions 
so that they fit within the packaging space available 
in the vehicle. The engineering techniques/approach 
used to reduce the mass of reinforcements are as 
follows.  

1. Metal sheets are typically downgraded to at 
least 1 mm or 0.8 mm depending on the grade 
of the steel used. This provides a significant 
weight saving as the baseline solutions are 
typically 1.5 or 2 mm thick.  

2. Plastics honey combs are over molded on this 
down gaugeed steel stamp parts to avoid the 
local buckling of these structures 

  

Figure 8. Existing reinforcement in the A-pillar and 
proposed thermoplastic reinforcement. Total 
weight reduction of 1.6 kg/car. Reinforcement 
dimensions – 450 mm * 110 mm * 60 mm.      

 

Figure 9. Existing 3-piece steel front rails and 
proposed metal-plastic lighter front rails. Total 
weight reduction of 2.0 kg/car. Reinforcement 
dimensions – 550 mm * 120 mm * 70 mm.    
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Figure 10. Existing 4-piece steel B-pillar and 
proposed metal-plastic single-piece B-pillar. Total 
weight reduction of 6.6 Kg/car. Reinforcement 
dimensions – 1000 mm * 140 mm * 115 mm.      

It is worth noting that the assembly sequence is only 
minimally altered by introducing these lighter 
solutions. For example, in the case of the B-pillar, 
the top and bottom portions still have isolated metal 
sections, which can be welded onto the existing BIW. 
In many cases, the assembly is actually made simpler 
as several parts are integrated in the proposed 
solutions. Furthermore, based on the requirements, 
materials can be selected capable of passing the e-
coat bath for anti-corrosion.  

 

Figure 11. Existing rocker outer and reinforcement 
solution and proposed metal-plastic rocker outer & 
reinforcement. Total weight reduction of 5.4 
Kg/car. Reinforcement dimensions – 1650 mm * 150 
mm * 120 mm.    

Figure 12 shows a summary of weight reduction 
possibilities achieved in the considered vehicle using 
the aforementioned four lightweight solutions. 

Based on these developed solutions, it is observed 
that approximately 15.6 kg of a car weighing close to 
1070 kg can be reduced by this technology. Similar 
technologies, when evaluated for another vehicle 
can yield different numbers, but the message 
remains the same.    

 

Figure 12. Summary of weight reduction potential 
in a car using BIW reinforcement concepts.  

NUMERICAL PERFORMANCE EVALUATION 

As mentioned in the earlier sections, BIW caters to 
multiple functionalities in an automobile.  This 
section, however, only focuses on evaluating a few 
major high-speed crash scenarios during which the 
BIW plays a crucial role in absorbing a significant 
portion of the impact energy, and thus mitigating 
the injury of the occupant to a greater extent. A 
performance evaluation for the secondary 
functionalities of the BIW is beyond the scope of this 
paper.  

The vehicle with the conventional BIW inserts and 
the same vehicle with the four newly proposed, 
alternate lightweight solutions are subjected to 56 
km/h full frontal impact [14] 50 km/h side IIHS 
deformable barrier impact [15], 30 km/h pole impact 
[16] and roof crush impact scenario [17]. LSDYNA a 
commonly available explicit solver is used for these 
simulations [18]. The metal and plastic parts of the 
vehicle were modelled using MAT 24, a commonly 
used piecewise linear plastic material model in 
LSDYNA. A strain-based failure model was used to 
model the failure of these parts. To avoid the 
complexity, the delamination of plastics in the 
metal-plastic hybrid inserts was not modelled. Figure 
13 shows the expected impacts of replacing the BIW 
parts with the conceived lighter solutions on the four 
major crash scenarios explained above. A tick mark 
in any column or row indicates that the 
corresponding solution (shown in the respective 
row) can have a significant impact on the respective 
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(shown in the column) crash impact performance of 
the vehicle.    

 

Figure 13. Replacement of BIW parts with lighter 
solution and their impacts on the crash 
performance of a car during various crash 
scenarios.   

High speed full frontal Impact  
The acceleration experienced by the occupant or 
measured by the accelerometer positioned close to 
the left/right rear seat floor is an important criteria 
evaluated in a full frontal impact at 56 km/h. 
Typically, for a safer car, the deceleration levels have 
to be maintained below 40 g. The deformed/crushed 
vehicle configurations at the maximum intrusion 
points are shown in Figure  14. Figure 15 shows the 
deformed configuration of the relevant part of rail 
which is replaced with a lighter solution. Both figures 
indicate that the vehicle behavior and its 
performance is not drastically affected. The 
acceleration measured near the left rear seat as 
shown in Figure 16 also substantiate this fact. The 
reduced acceleration in the case of the proposed 
solution is mainly because the rails absorb more 
energy than just buckling about a point in the rear as 
in the case of the baseline solution.   

 

Figure 14. Deformed configuration of the baseline 
vehicle and a vehicle with lighter front rail insert 
solutions in a high-speed frontal impact 

Side Impact @ 50 km/h using IIHS barrier 

Side impact to a vehicle using Insurance Institute for 
Highway Safety (IIHS) deformable barrier impact 
emulates a crash scenario between two vehicles in 
orthogonal directions. The function of BIW 
components – including the B-pillar, A-pillar, door, 
rocker, etc. – in this case is to limit the side intrusion 
in a vehicle. This is extremely important as there is 
hardly any space available between the occupant 
and the side structural parts of the car, and any 
direct contact of the structural member to the 
occupant’s body can cause severe injuries to the 
occupant. It is also important that these side 
members are not over-designed so that the 
occupant will experience high side accelerations in 
these cases. In order to make sure that the proposed 
solutions do not adversely affect the side impact 
performance of the vehicle, IIHS deformable barrier 
is impacted to both vehicle configurations at 50 
km/h.  

Figure 17 shows the deformed configurations (at 
maximum intrusion point) of the baseline solution 
and the proposed solution respectively. As one can 
make out from the figure, the performance of the 
vehicle with lightweight systems is very much 
comparable to that of the original configurations. 
Section views (refer Figure 18) along the width of the 
car at the B-pillar location also demonstrate that the 
lightweight B-pillar, rocker and floor reinforcements 
behave very similar to the behavior of those 
respective parts in the baseline vehicle 
configuration. This is further supported by the force 
vs. intrusion curves during the side impact scenario 
as shown in Figure 19. The proposed solution 
generates higher peak force and relatively higher 
force levels towards the end of the impact mainly 
because of the additional stiffness from the plastic 
over molds in the B-pillar inserts. 
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Figure 15. Deformed configurations of the left rails 
in case of baseline and the proposed solution in a 
high-speed frontal impact   

 

Figure 16. Normalized acceleration measured near 
the left rear seat in a high-speed frontal impact. 
This gives an indication of acceleration experienced 
by the occupant. The proposed solution shows 
better crushing resulting in reduced occupant 
acceleration.  

Side Rigid Pole Impact at 29 km/h  
Pole impacts are performed in a vehicle mainly to 
safeguard the occupant during the event of its 
impact with a rigid tree or any other relatively 
slender, vertical and rigid structures on either sides 
of the road. The major challenge in this case is to 
make sure that the required amount of energy is 
absorbed by the vehicle’s structural members before 
the pole comes in direct contact with the occupant’s 
body. The rocker, one of the very first portions that 
comes in contact with the rigid pole, plays a crucial 
role in limiting the intrusion in a vehicle during such 
an event. The two vehicle configurations are 
therefore compared for its rigid side pole impact 
performance. Figures 20, 21 and 22 show the 
performance of the vehicle in this impact situation. 
Observations and conclusions from these results are 
no different from what was observed in the earlier 
impacts. It is worth noting that the force levels are 
again higher in the case of proposed solution. These 
force levels can be reduced, if required, to reduce 
the acceleration experienced by the occupant. Softer 
plastic honeycombs will help to achieve this. 

 

Figure 17. Deformed configuration (at maximum 
intrusion time) of the baseline vehicle and a vehicle 
with lighter solution subjected to IIHS deformable 
barrier side impact.  

   

Figure 18. Sections views along the width of the car 
at the B-pillar section. Both baseline and the 
proposed configurations seem to behave in a 
similar way. The proposed solution also shows 
promises of reducing the side impact intrusions.       

 

Figure 19. Normalized Force versus Intrusion curves 
during the IIHS side deformable barrier impact.     
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.         

 

Figure 20. Deformed configuration (at maximum 
intrusion time) of the baseline vehicle and a vehicle 
with lighter solution subjected to rigid pole impact.  

 

Figure 21. Sections views along the width of the car 
at the B-pillar section during a rigid pole impact. 
Both the baseline and proposed configurations 
seem to behave in similar ways. The proposed 
solution also shows promise of reducing side impact 
intrusions.       

 

Figure 22. Normalized Force versus Intrusion curves 
during the rigid pole impact. 

Roof Crush Resistance  

The objective of roof crush performance evaluation 
is to make sure that the occupant has sufficient 
headroom before the vehicle’s structural parts 
(mainly the roof, A-pillar and B-pillar) deform to 
absorb the energy during a rollover situation. 
Different regulations evaluate the roof crush in 
different ways. In general, the vehicle is supposed to 
be performing well for the roof crush requirements if 
it can generate a peak force of at least 2.5 times (> 
2.5 times the weight of the vehicle – marginal 
performance and > 4 times the vehicle’s weight – 
good performance) the weight of the car before the 
roof intrudes by 5 inches. Rigid plate impacts to the 
roof of the baseline and lightweight vehicle are 
performed as per the regulatory protocols and the 
performance curves and vehicle behaviors are 
shown in Figure 23 to Figure 25. Results again 
demonstrate that a lightweight BIW reinforcement 
solution does not necessarily reduce the roof crush 
performance of the vehicle. The maxim value of the 
strength to weight ratio in the case of the proposed 
solution is higher within 5 inches (about 127 mm) of 
intrusion. This is mainly because of the additional 
stiffness from the plastic honeycomb parts.  

 

Figure 23. Deformed configuration (at maximum 
intrusion time) of the baseline vehicle and a vehicle 
ith lighter solution subjected to roof crush impact.   

 

Figure 24. Sections views along the width of the car 
at the B-pillar section during a roof crush impact.  
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Figure 25. Strength to weight ratio versus Intrusion 
curves during the roof crush 

EXPERIMENTAL STUDIES 

Component-level validation  
Full vehicle level tests demand higher investment in 
hardware and take longer time. Therefore, in this 
section, component level tests on a representative 
all-plastic and metal-plastic hybrid beam are 
performed for both static and dynamic scenarios, 
and are correlated with CAE results. The chosen test 
specimen is a C- section filled with plastic ribs. For an 
all-plastic beam, both the channel section and ribs 
are made of plastic whereas for metal-plastic hybrid 
beam channel section is made of metal – which is 
then over molded with plastic to form inner ribs. 
These test samples are represented in Figure 26. 
Two load cases (static & dynamic) as shown in Figure 
27 are considered.   

1. Three point bending load case with indenter 
moving at 10mm/min. As the speeds are 
relatively low, this scenario may be considered 
as static loading.  

2. An impact with indenter weighting 23 kg with a 
speed of 13.5 kmph. This represents a dynamic 
impact scenario.  

 

Figure 26. All-plastic and metal-plastic samples 
used for experimental validation. 

Experimental Setup: Static Loading 
Two custom-made fixtures support BIW inserts and 
an indenter loads the insert as shown in the Figure 
28. This 3-point bending scenario represents most of 
the loading that is being applied in BIW insert in the 
event of a crash. In the component level, these loads 
are applied using a 100 kN capacity hydraulic press 
with integrated measurement system from 
INSTRON. An indenter as shown in the Figure 28 is 
used to transfer load from hydraulic press to the 
specimen. A thick layer of foam covering the 
indenter ensures uniform transfer of load from 
indenter to the specimen. Force cells with 
displacement sensors are mounted on the indenter 
to capture the force and displacement. The beams 
are loaded with the bottom support fixed and the 
indenter is allowed to move in the downward 
(bending) direction at a speed of 10m mm/min. To 
capture and understand how the specimen fails 
during these loading scenarios, the bottom face of 
the beam is focused within the scope of a high-speed 
camera.  

Experimental Setup: Impact Loading  
A medium energy uniaxial impactor is used to apply 
impact load onto the BIW insert. Impact energy 
supplied to BIW insert can be adjusted to desired 
level by adjusting mass and/or speed of impactor. 
The hardware can be adjusted for different impact 
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objects and clamping possibility. High-speed camera 
is again used to capture deformation and failure of 
BIW insert subjected to impact loads. The uniaxial 
impactor can slide along a uniaxial guidance system. 
The guidance system is mounted on an impactor 
frame. A Hydraulic cylinder launches the impactor 
frame with a specified speed. Launch of impactor 
frame triggers data acquisition system to measure 
force, intrusion and acceleration. BIW inserted is 
supported in an orientation such that the impact 
happens at the center of the beam. A schematic 
representation of such a system is shown in the 
Figure 29. 

 

Figure 27. Three point bend and impact load 
applied to BIW insert. 

Effect of e-coat on metal plastic hybrid:  
As most of the vehicles have BIW made of steel, they 
are often subjected to electrophoretic painting 
process (e-coat) to mitigate the potential long-term 
corrosion issues and to improve the adhesion of 
paints on its surface. In this process, BIW is typically 
immersed in an aqueous solution containing paint 
emulsion. Paint emulsion gets condensed onto the 
part by applying electrical voltage. All the surfaces 
where the solution can reach get painted. Coating 
thickness is controlled by the magnitude of applied 
voltage. One of the most important steps of e-coat 
process is curing. Depending upon the type of paint 
used, curing temperature can be anywhere between 

180oC to 200oC for 20 minutes to 30 minutes. It is 
also worth noting that BIW can be exposed to 
different environmental conditions (humidity, excess 
temperature) in the use phase of a car. Hence, it is 
important to ensure that metal-plastic BIW 
reinforcements are immune to such conditions. To 
study the combined effect of e-coat curing and 
moisture absorption of the metal-plastic hybrid BIW 
insert, the BIW insert is exposed to the following 
conditioning cycle:  

1. Oven is preheated to 200oC. 
2. BIW insert is kept in the preheated oven for 30 

minutes. 
3. Insert is cooled to room temperature. 
4. Insert is exposed to 95% relative humidity for 40 

hours 
5. Insert is kept at 50% relative humidity until 

equilibrium or for 40 hours 

Conditioned specimens are also tested for both 
static and impact loading and their performances are 
compared against non-conditioned samples. 

 

Figure 28. Experimental setup of the 3-point bend 
loading for BIW inserts. 
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Figure 29. Schematic representation medium 
energy uniaxial impactor. 

 Static Loading  

Samples are tested with and without e-coat 
conditioning to study the effect of e-coat cycle on 
metal plastic hybrid sample. Three samples are 
tested with e-coat conditioning and three samples 
are tested without e-coat conditioning at 21oC. An 
average representative of the three test iteration is 
been considered for reporting. The test result in the 
form of a normalized force vs. a normalized intrusion 
curve is shown in Figure 30. It is worth noting that 
the e-coat conditioning cycle slightly improves the 
load-bearing capacity of the metal-plastic hybrid 
insert at room temperature (21oC). One possible 
explanation of such behavior is that the e-coat 
conditioning cycle causes annealing to the molded 
region of the hybrid insert. This results in relaxation 
of the process-induced residual stress, which 
ultimately results in improving the strength of 
molded part and thus improving the load-bearing 
capacity. Research [19] confirms improvement in 
mechanical properties of the molded part due to 
different level annealing temperature. 

 

Figure 30. Normalized Force vs. Normalized 
Intrusion curve for static test considering e-coat 
sample and non e-coat  sample at 21 deg C. 

Another set of testing is performed at -20oC with and 
without e-coat of metal plastic hybrid sample. Two 
samples are tested with e-coat and two samples are 
tested without e-coat. An average representative of 
the three test iteration is been considered. Test 
result in the form of normalized force vs. normalized 
intrusion curve is shown in Figure 31. It shows that 
the e-coat cycle has very little effect on performance 
at minus 20oC. 

 

Figure 31. Normalized Force vs. Normalized 
Intrusion curve for static test considering e-coat 
sample and non e-coat sample at -20oC. 

To confirm that e-coat has little or no influence on 
the performance of metal-plastic reinforcements, 
one more set of experiments are performed at 80oC 
with and without e-coat conditioning of metal plastic 
hybrid sample. Two samples are tested with e-coat 
and two without. The test result (refer Figure 32) 
shows that the e-coat cycle has very little effect on 
performance at 80oC. 
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Figure 32. Normalized Force vs. Normalized 
Intrusion curve for static test considering E-coat 
sample and non E-coat sample at 80 deg C. 

Figure 33 shows comparison of the static 
performance of the metal-plastic BIW insert at -20oC, 
21oC and 80oC. As one would expect, energy 
absorption of the sample is best at 21oC, whereas 
load-bearing capacity is highest at -20oC. 

 

Figure 33. Normalized Force vs. Normalized 
Intrusion curve for static test at -20 deg C, 21 deg C 
and 80 deg C. 

Impact Loading  
The effect of the e-coat cycle on impact performance 
of the metal plastic hybrid insert is also studied. 
Impact testing as described in the previous section, 
is performed at 21oC for samples with and without e-
coat. Test results in the form of normalized force vs. 
normalized intrusion curve is shown in Figure 34. 
These results reinforces that the e-coated metal-
plastic hybrid insert shows similar performance as 
that of non e-coated sample at room temperature.  

 

Figure 34. Normalized Force vs. normalized 
Intrusion curve for impact test considering e-coat 
sample and non e-coat sample at 21 deg C. 

Correlation Studies   
Experimental validation of predictive methodology is 
required to build confidence in vehicle level 
simulation. Finite element (FE) simulations are 
performed for static three-point loading scenario for 
all-plastic beam and metal-plastic beam and the 
results are compared with the experimental results 
explained in the previous section. CAE versus test 
results for plastic beam is plotted in Figure 35. The 
effect of foam is ignored in normalized force vs. 
normalized intrusion for both prediction and testing. 
Correlation of normalized force vs. normalized 
intrusion for the all-plastic beam is found to 
acceptable. There is an excellent match for stiffness 
(initial slop of the curve) of the insert. Predicted 
strength (maximum force) is within 2% of tested 
strength, and predicted intrusion at failure is within 
4% tested intrusion at failure. FE model could also 
predict the location and nature of failure with 
reasonable level of accuracy. Figure 36 shows 
predicted and tested failure location for all-plastic 
insert. 

CAE versus test results for metal-plastic beam is 
plotted in Figure 37. Effect of foam is ignored in 
normalized force vs. normalized intrusion for both 
prediction and testing. Correlation of normalized 
force vs. normalized intrusion for metal-plastic insert 
is reasonably good. The FE model could predict the 
stiffness of the metal-plastic insert (initial slop of the 
curve) with very good accuracy. Predicted strength 
(maximum force) is within 6% of tested strength. 
Predicted intrusion is about 28% off as compared to 
the test. The discrepancy in prediction of failure 
mode is primarily due to the unknown adhesion 
property at the metal-plastic interface. The interface 
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was modeled using cohesive surface behavior in 
ABAQUS† with stiffness and strength of interface as 
20% of stiffness and strength of plastic. A detailed 
investigation of adhesion between metal-plastic 
hybrids is beyond the scope of this paper, and hence 
excluded from subsequent sections. 

 

Figure 35. Predicted versus experiment correlation 
for an all-plastic insert subjected to three-point 
bending. A very good correlation is observed for 
all-plastic insert.   

 

Figure 36. Failure modes and zones for all plastic 
insert. It is worth noting that the failure happens 
almost at the same region, and is always in 
tension.  

Predicted location of failure is correlating reasonably 
well with actual failure location observed in the test 
for metal-plastic insert. Figure 38 shows predicted 
and tested failure location for the metal-plastic 
insert in three-point bending scenario. 

 

Figure 37. Predicted vs. experiment correlation for 
metal-plastic insert subjected to three-point 
bending. Failure prediction can be improved by 
improving the adhesion between metals and 
plastics in PMH.  

 

Figure 38. Failure zones for metal-plastic insert 
showed reasonable correlation between prediction 
and experiements.  

CONCLUSIONS 

This paper focused on the development of BIW 
reinforcement solutions using multi-material 
systems including engineering thermoplastic 
materials and metals. Various design and material 
configurations – including plastic and metal-plastic 
structural members – mounted on the BIW – are 
evaluated through CAE studies for various crash 
scenarios such as high-speed frontal crashes, side 
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impact, pole impact and rollover. These CAE studies 
performed on a generic vehicle shows that up to 15 
kg weight can be taken out by replacing four 
reinforcements from a midsize sedan weighing 
nearly 1070 kg. Approaches to correlate the CAE 
studies using component level testing and validation 
of generic reinforcements are also investigated. Data 
from all of this work indicate that the use of lighter 
metal-plastic BIW reinforcements can achieve 
significant weight reduction (up to 30%) in a vehicle, 
while also ensuring no compromise in crash 
performance.   Further work can include detailed 
validation of component level high-speed tests, 
investigation of the assembly of proposed BIW 
reinforcements and their performance evaluation for 
secondary requirements such as NVH, creep, long-
term durability and so on.   
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ABSTRACT 

 

On December 2015, The National Highway Traffic Safety Administration (NHTSA) published a Request for 

Comments (RFC) and proposal to implement U.S New Car Assessment Program (NCAP) changes covering 

three categories of crashworthiness, crash avoidance and pedestrian protection, beginning with the 2019 

model year. The crashworthiness included a new frontal oblique impact (OI) test protocol. The test 

compromises of a new Oblique Moving Deformable Barrier (OMDB), new THOR 50th percentile male (THOR-

50M) anthropomorphic test device, and a new test configuration. An OMDB of 2,486 kg (5,480 lb) impacts a 

stationary target vehicle at a speed of 90 kph (56 mph) at an angle of 15 degrees with a 35% barrier overlap 

with the front end of the vehicle.  This paper describes the analyses of a 31 OI tests conducted by NHTSA, in 

which the target vehicles used were of different sizes and weight distribution ranging between 1034 Kg 

(SMART)-2624 Kg (Silverado). 

Target vehicle Deformation Energy (DE) in each of the 31 OI test was determined and compared to its 56 kph 

(35 mph) dummy responses for each test were plotted against Velocity Change (Delta V) calculated from 

momentum equation and from test’s velocity time histories. In addition, Barrier Equivalent Velocity (BEV) of 

target vehicles was calculated and the THOR M50 dummy responses were plotted against BEV and presented 

in this paper. Results indicated that target vehicles absorb more DE in the proposed OI compared to a 56 kph 

(35 mph) full frontal barrier impact. Lighter weight vehicles, in particular, have to manage approximately 50-

60% more DE in the proposed OI. Larger vehicles (i.e., similar weight to the OMDB) manage approximately 

same DE as in the 56 kph (35 mph) full frontal barrier impact. Therefore lighter vehicles will require 

significant structural stiffening which may have negative impacts on other attributes such as Fuel Economy, 

vehicle compatibility and stiffer crash pulse or restraint system in small light weight vehicles, which may lead 

to safety degradation for rear seat occupant, elderly in particular. Biomechanics injury risk indicates that 

occupant’s injury risk increases with the velocity change experienced by the occupant during a crash. Injury 

risk associated with THOR-M50 dummy responses in NHTSA’s OI tests showed weak or no correlations with 

velocity change. The same responses were plotted against BEV and showed similar results and observation. 

The proposed OI mode did not demonstrate the expected injury trend with velocity change and/or BEV. 

Other issues may exist with the barrier mass, stiffness, THOR or test configuration. Further research is 

needed to develop appropriate OI test parameters, OMDB, and dummy type and/or criteria. 
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INTRODUCTION 

Regulatory and Public Domain (PD) frontal impact 

test protocols continue to evolve globally in order to 

address injuries and fatalities associated with various 

real world crash modes. Among the existing test 

protocols issued by The National Highway Traffic 

Safety Administration (NHTSA), The Insurance 

Institute of Highway Safety (IIHS) and the European 

New Car Assessment Program (Euro-NCAP) are: 

Fixed Full Rigid Barrier (FRB) impact, fixed Offset 

Deformable Barrier (ODB) impact with moderate 

overlap, and fixed Small Overlap Rigid Barrier (SORB) 

impact. The crash barriers are fixed and the vehicle, 

which carries initial kinetic energy, runs into the 

barriers in a collinear fashion of impact with either 

full, moderate, or small overlaps [1, 2, 3]. These test 

protocols are designed to assess self-protection in 

terms of structural intrusions and Hybrid-III 50
th

% 

male and 5
th

% female Anthropomorphic Test Device 

(ATD) responses.  

In June 2015 Euro-NCAP introduced a new frontal 

impact protocol as part of the 2020 Euro-NCAP 

roadmap to be implemented in 2020 [4, 5]. This test 

protocol is using new Moving Progressive 

Deformable Barrier (MPDB) and new THOR ATD and 

is designed to assess self and partner protection. It is 

a 50% overlap co-linear frontal impact in which both 

the MPDB and the vehicle are moving against each 

other with a fixed initial speed of 50 kph (31 mph). 

Self-protection is assessed through structural 

deformation and THOR dummy responses and the 

partner protection is assessed through the 

aggressivity metric, calculated from the MPDB 

deformation map. On December 2015, NHTSA 

published its proposal to implement new U.S NCAP 

changes beginning with the 2019 model year [1]. The 

crashworthiness category included a new frontal 

Oblique Impact (OI) test protocol. The test comprises 

of a new Oblique Moving Deformable Barrier 

(OMDB), new THOR ATD, and a new test 

configuration. An OMDB of 2,486 kg (5,480 lb) 

impacts a stationary target vehicle at a speed of 90 

kph (56 mph) at an angle of 15 degrees with a 35% 

barrier overlap with the front end of the vehicle.   

As a result of the NHTSA study published by Bean et 

al. [5], NHTSA initiated a vehicle crash research 

program with the intent to develop a test protocol 

that replicates real-world vehicle kinematics and 

injury potential in a small overlap impacts and 

oblique offset impacts [6]. This research led to the 

development of a Research Moving Deformable 

Barrier (RMDB) and an opportunity for improved 

ATD to be used in a RMDB-to-Vehicle impact test 

protocol. The RMDB was a modified FMVSS 214 

barrier with a test weight of approximately 2500 kg 

[7]. Since then NHTSA has been investigating a new 

frontal OI test mode in which a RMDB impacts a 

stationary vehicle at 90 kph, a 15 degree angle, and a 

35% vehicle overlap. The test utilizes The Test Device 

for Human Occupant Restraint (THOR) dummy 

positioned in both the driver and passenger seat. 

The dummy has been developed to provide 

enhanced bio-fidelity compared to the Hybrid III 

which is currently used in frontal crash tests. 

In this paper a series of 31 OI tests conducted by 

NHTSA was selected and analyzed to better 

understand the feasibility and validity of the 

proposed OI test protocol.  The DE for both the 

impacted vehicle and the OMDB were calculated and 

compared to their respective DE in the 56 kph (35 

mph) NCAP test. The measured THOR dummy 

responses in the test series were plotted against 

(∆v) to better understand the THOR dummy 

suitability in injury assessment to replicate the injury 

outcome and injury trends observed in real-world 

crashes [8, 10, 11]. Similar analysis for THOR 

suitability in injury assessment was performed by 

plotting the dummy responses against the calculated 

Barrier Equivalent Velocity (BEV) for all the vehicles 

in the selected test series. The following sections 

provide the description and the analyses for the 

selected NHTSA’s OI, in which the target vehicles 

used were of different sizes and weight distribution 

ranging between 1034 Kg (Smart) to 2624 Kg 

(Silverado). 

DESCRIPTION ANND ANALYSIS OF FRONTAL 

OBLIQUE IMPACT TEST 

 

Oblique Impact Set Up 

 

The selected OI test series conducted by NHTSA 

included different classes of vehicles consisting of a 

sub-compact car on the light end and full-size truck 

on the heavy end as shown in Figure 1. All tests were 

performed according to the OI test protocol shown 

in Figure 2.  The THOR dummy was positioned at the 

driver's seat according to the Federal Motor Safety 

Standard FMVSS 208 seating procedure. The OMDB 

impacted a stationary vehicle at a speed of 90 kph 

(56 mph) while the target vehicle was placed at a 15-

degree angle and a 35 percent initial overlap of the 

struck vehicle front-end width with the OMDB (see 

Figure 2). The total weight of the OMDB was 2,486 
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kg (5,480 lb) in which the barrier honeycomb 

consisted of two layers with different stiffness [7]. 

The stiffness of the first 300 mm thick honeycomb 

layer was 0.724 Mpa (100 psi) and that of the second 

300 mm thick honeycomb layer was 1.71 Mpa (245 

psi).  

 

 

Figure 1. Vehicle mass and mass ratio in the 

NHTSA’s OI tests 

 

 

 

 

 

Figure 2.  NHTSA’s OI Schematic and test-setup 

The OMDB centerline makes an angle of 15 degrees 

with the vehicle longitude center line, according to 

the initial test configuration. At time zero, at the first 

point of the contact of the barrier with the vehicle, 

the OMDB imposes both longitudinal and lateral 

components of impact velocities of 87 kph (54.1 

mph) and 23.3 kph (14.5 mph), respectively and a 

35% initial overlap with the vehicle. The initial 

percentage of overlap generates an initial contact 

zone between the barrier and the impacted front 

end of the vehicle. During the crash, both the barrier 

and vehicle continue to rotate causing the contact 

area and the impact force acting on it to change. An 

example of this behavior is shown in Figure 3: 

between time zero and 80 ms, the angle between 

the barrier and the target vehicle centerlines 

changed from 15 degrees to 30 degrees and the 

impact contact zone between the barrier and the 

vehicle increased from 35 % to 50 % overlap. The 

progressive change in the Principle Direction of 

Impact Force (PDIF) and the progressive increase in 

the contact area during the crash cause different 

kinematics of the occupants compared to co-linear 

impacts (Figure 4). The changes in the PDIF and 

contact area necessitate the need of struck target 

vehicles to manage increased DE than what is 

designed for in their 56 kph (35 mph) NCAP test.  

 

 

Figure 3. Changes in initial impact angle, 

direction of the impact force, and contact area 

between the OMBD and target vehicle at 80 ms. 
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Figure 4. Examples of OI dummy kinematics 

shown at rebound time 116 ms  

 

The Target Vehicle Crash Pulse in OI   

The resulting crash pulse signatures in target 

vehicles in frontal OI are distinguishably different 

than those obtained in any other existing frontal 

impact collinear modes, for the same vehicles. 

Investigating the difference may help with the 

understanding of the unique occupant kinematics 

and the excessive DE needs in OI.   In the frontal OI, 

the lateral component has a significant contribution 

to the deformation energy absorbed by the target 

vehicle. This also confirms the fact that although the 

OI is a frontal impact at time zero, the PDIF 

continues to change towards the lateral direction 

during the crash.  

Figures 5 and 6 show eight longitudinal X and lateral 

Y acceleration time-history curves of the 31 NHTSA’s 

OI tests.  As shown in Figure 6, the lateral Y 

accelerations tend to peak around 40 ms reaching 

values close to peak accelerations in the longitudinal 

X direction. This demonstrates the unique behavior 

of the vehicle kinematics in OI that is not observed in 

other frontal impact configurations.  

 

Figure 5.  Longitudinal X-accelerations in target 

vehicles  

 

Figure 6.  Lateral Y-accelerations in target vehicles 

The Hyundai Elantra OI test is one of the NHTSA’s 

tests shown in Figures 5 and 6 and was randomly 

selected to be analyzed against the IIHS 64 kph (40 

mph), 40% ODB frontal impact test. The X and Y 

pulse components of the Hyundai Elantra from the 

NHTSA OI and IIHS ODB tests are compared in 

Figures 7 and 8 respectively. Figure 7 shows that the 

dominant longitudinal acceleration pulse continues 

to rise and peaks towards the end of the ODB crash 

around 90 ms.  At this time the lateral acceleration is 

almost diminished. The lateral acceleration is very 

low throughout the ODB crash event, Figure 8. The 

earlier observation of the lateral contributions of 

impact forces to the DE sustained by the target 

vehicle and the unique occupant kinematics in OI 

should be thoroughly investigated to assess the 

validity of the test configuration. 

 

Figure 7. Longitudinal acceleration comparison of 

Hyundai-Elantra in OI and ODB  
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Figure 8.  Lateral Acceleration comparison of 

Hyundai-Elantra in OI and ODB   

The velocity Change in the Target Vehicle  

Target vehicle’s velocity change is an important 

measure influencing the vehicle occupant’s 

responses, respresented by THOR crash dummy. At 

the rebound both the OMDB and the impacted 

target vehicle reach a common velocity (vc). 

Let the mass of the OMDB defined by (m1), the mass 

of the target vehicle be defined by (m2), and the 

mass ratio of the target vehicle to the barrier be 

defined by (R), R = m2/m1, (range 0.5 ~ 1.2). Using 

momentum equation the common velocity (vc) is 

expressed by Equation 1. 

 

                        (Equation 1) 

 

 

The velocity changes in the OMDB (∆v1) and in the 

target vehicle (∆v2) can be calculated by subtracting 

the common velocity (vc) from their initial velocities.  
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The Mass Ratio for the most vehicles investigated in 

this study is less than 1 (i.e  R<1),  due to the high 

mass of the OMDB. This resulted in the velocity 

change of target vehicles to be higher than those of 

the OMDB.  Equations 2 and 3 indicate that the 

velocity changes experienced by the impacted 

bodies depend on mass ratio and the relative speed 

(v1 - v2). In a two-cars collision, the lighter vehicle 

always experiences a higher velocity change.  In the 

NHTSA’s OI test the relative speed is always constant 

and equal to 90 kph (56 mph) and the velocity 

change in target vehicles only depends on the 

function of the mass ratio R. Figure 9 shows that the 

velocity change of target vehicle calculated from  

equiation 3 is an non-linear function with R.  Figures 

10 and 11 show the velocity time histories of the 

target vehicle and the OMDB in the 31 NHTSA’s OI 

tests, respectively.  The (Delta V) of the target 

vehicle can be calculated from Figure 10.  

 

 
Figure 9. Velocity change of the target vehicle 

(∆∆∆∆v2) vs. the Mass Ratio  

 

 
Figure 10. Target vehicle velocity change (∆v2)  
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Figure 11. OMDB velocity change (∆∆∆∆v1)   
 

The velocity change (∆v2) of the target vehicles 

versus mass ratio of the vehicle to the barrier in the 

selected test series is shown in Figure 12. The target 

velocity change shown in the Blue “Diamond” legend 

were calculated from Equation 3,  and those shown 

with the Red  “Stars” legend were calculated from 

the test velocity curves shown in Figures 10 and 11.  

There is a strong correlation (R
2
= 0.7056) between 

the velocity change and target vehicle to barrier 

mass ratio, indicating that the lighter vehicle 

experience higher velocity change in the OMDB-to-

vehicle impact.  

 

 

Figure 12. Target vehicle change (∆v2) vs. vehicle 

to OMDB mass ratio 

 

VEHICLE BARRIER EQUIVALENT VELOCITY  

 

Delta V and Barrier Equivalent Velocity (BEV) are 

terms that have been used for many years to 

describe aspects of what happened to a vehicle 

when an impact occurres [14]. That is, they are used 

to describe some physical change in the vehicle state 

before and after impact. Specifically, the (Delta V) 

describes the change in the vehicle velocity vector 

from just before the impact until just after the 

impact. The BEV attempts to quantify the energy 

required to cause the damage associated with an 

impact.  The Barrier Equivalent Velocity (BEV) of a 

crashed vehicle is the speed with which the vehicle 

would have to strike a rigid barrier in order for it to 

absorb the same amount of crush energy as it did in 

the actual impact [15].  

 

In a vehicle-to-rigid barrier impact, the total 

deformation energy absorbed by the vehicle is 

almost equal to the initial kinetic energy if the 

rebound, heat and friction energies are neglected. 

While in the OMDB-to-vehicle OI test, the change of 

the kinetic energy (∆KE) is equal to the total system 

deformation energy (
total

DE ), assuming no heat or 

friction energy loss. The total deformation energy 

can be expressed by Equation 5,  
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The Contact force between any two non rigid 

impacting bodies is the same at all time during the 

impact.  The total deformation energy of the two 

impacting bodies, assuming no heat or friction 

losses, is equal to the sum of the deformation 

energies absorbed by body 1 (DE1) and by body 2 

(DE2). However, the deformation energy in each 

colliding body can be expressed by the area under 

the curve of the contact force vs. body defromation.  

In the OMDB-to-vehicle impact, it is assumed that 

the relation between the contact force and 

vehicle/barrier deformations is linear, for the 

purpose of the BEV calculation. Figure 13 shows the 

linear assumption between the vehicle/barrier 

contact force and vehicle/barrier deformations. 

 

 
Figure 13. Assumption deformation energies and 

linearity between contact force and deformation,  
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The total deformation energy in the NHTSA’s 

OMDB-to-vehicle impact is equal to the sum of the 

deformation energy of the OMDB (DE1) and of the 

target vehicle (DE2), assuming no friction or heat 

loss 

 

21 DEDEDE
total

+=                                   (Equation 6) 

 

Using the linear assumption shown in Figure 13, DE1 

and DE2, can be expressed by:  
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dFDE =                                             (Equation 7) 
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dFDE =                                            (Equation 8) 

 
F1 and d1 represent the contact force and the 

deformation associated with the OMDB while F2 and 

d2 represent the contact force and deformation 

associated with the target vehicle. Since the contact 

force between the vehicle and barrier is the same 

then F1 = F2 = F. 
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Equating Equation 5 to Equation 9 results  
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Substituting Equation 10 into Equations 7 and 8 will 

results in: 
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The BEV of the OMDB (V1_BEV) and of the target 

vehicle (V2_BEV)  are the speeds with which the 

OMDB and the target vehicle would have to strike a 

rigid barrier in order to absorb the same amount of 

crush energy, DE1 and DE2, as it did in the actural 

oblique impact test. 
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Equating equation 13 to Equation 11, and Equation 

14 to Equation 12, will result into  
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d1 (the maximum measured crush in the OMDB), and 

d2 (the maximum measured crush in the vehicle) are 

the two parameters introduced in Equations 15 and 

16 for the BEV calculations compared to Equation 2 

and 3 used for the (Delta V) calculations. The OMDB 

and target vehicle stiffness, represented by d1 and d2 

respectively, are introduced in the analysis by 

calculating their respectively BEV.  

 

Figure 14 shows a comparison between the 

velocity change measured from tests and the 

calculated barrier equivalent velocity for the 

entire 31 vehicle in the test series analyzed in this 

paper. 

 

 

Figure 14.  Comparison of vehicles velocity 

change and BEV   
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DUMMY RESPONSES WITH VEHICLE VELOCITY 

CHANGE AND VEHICLE BARRIER EQUIVALENT 

VELOCITY 

 

NHTSA introduced THOR as a new crash test dummy 

representing a mid-size male in their OI test. The 

driver was to promote further development and 

enhancement of car crash safety and restraint 

technologies to help address and mitigate injuries 

seen in the field and reduce fatalities. It is assumed 

that this dummy, compared to the current 50
th

% 

Hybrid III used in the current regulations and NCAP, 

is a more advanced dummy with higher 

measurement capability and biofidelity.  The dummy 

used in NHTSA’s selected OI tests was instrumented 

to measure responses for the head, neck, chest, 

abdomen, and lower extremity including ankle 

rotations. The head was instrumented with a nine-

accelerometer array in the head to record six-

degree-of-freedom kinematics. To assess head injury 

risk, the head injury criterion (HIC) was assumed to 

be applicable to THOR, since the design 

requirements for the mass, moment of inertia, and 

biomechanical response characteristics mirror that 

of the Hybrid III for which HIC is traditionally applied. 

Additionally, a rotational brain injury criterion (BrIC) 

has been developed to estimate the risk of brain 

injury due to rotation of the skull [3]. The dummy 

was also instrumented for measurements of the 

upper and lower neck loads and moments, 

accelerations of the thoracic spine and pelvis, chest 

deflections through three-dimensional 

displacements at four anterior rib cage locations, 

acetabulum loads, femur loads and moments, upper 

and lower tibia loads and moments, and ankle 

rotations. 

The velocity change (∆v) was calculated solely based 

on initial velocity and mass of the impacted bodies. 

It was used to plot injury indices measured on the 

THOR dummy versus the velocity change of the 

target vehicles in the NHTSA’s 31 OI tests. Figure 15 

shows the injury risk versus (Delta V) curve for 

frontal crashes (NASS-CDS 1996-2007) [12]. It is a 

well-established fact that occupant injury risk 

increases as the (Delta V) increases [12, 13]. Nine of 

the THOR dummy responses were plotted against 

the target vehicle velocity change (∆v2) and Barrier 

Equilvant  Velocity (BEV) arranged from the lightest 

to heaviest weighted vehicle and are shown in Figure 

16 and 17.  In general, the plots for all the injury 

measurements showed weak correlations and no 

correlations in some cases between the injury risk 

and both of the velocity change and BEV. In Figure 

16 the dummy responses are cross plotted with 

target vehicle velocity change, the R
2
 for the nine 

injury measurements ranged between 0.011, for the 

HIC, to 0.442, for the Tibia Index. It appears from the 

regression analysis that there is a negative 

correlation for the head response (HIC) and the 

abdominal deflection responses. In Figure 17 the 

dummy responses are cross plotted with target 

vehicle BEV. Similar trends and conclusions to those 

seen in Figure 16 conclusion were observed. These 

results contradict the basic biomechanics principles 

and understanding of injury risk, as the injury risk 

increases as vehicle velocity change increases. This 

has raised some concerns that there are other issues 

attributed to this trend that are may be related to 

the current test configuration, the OMDB 

specifications, or may even be the THOR dummy 

characteristics.  

 

Figure 15.  Injury risk in frontal crashes as function 

Delta V 

The authors decided to further analyze the OI test 

protocol to better understand the barrier mass and 

stiffness characteristics and the selected oblique 

angle to determine if they were appropriately 

chosen to capture real-world field injury and 

deformation observations in frontal impact crashes. 

The further analysis is described in the following 

sections based on barrier deformation and stiffness 

and target vehicle deformation energy management. 
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Figure 16.  Dummy responses vs. velocity change (∆∆∆∆v2) 
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Figure 17. Dummy responses vs. barrier equivalent velocity (BEV) 
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FURTHER OI PROTOCOL ANALYSIS: DEFORMATION 

ENERGY 

OMDB Specifications Background 

The FMVSS 214 moving deformable barrier (MDB) 

for side impact was the basis for the current NHTSA’s 

OMDB development. The FMVSS 214 MDB 

demonstrated several undesirable issues when it 

was used in the first set of NHTSA’s tests, as 

reported by Saunders et al. in 2011 [7]. Among these 

issues were the bottoming out of the honeycomb 

causing a spike in the acceleration early in the crash 

event and the tires were not protected by the face 

plate causing unforeseen damage to the barrier. 

Initially NHTSA was conducting the OMDB-to-vehicle 

impact with 50% overlap. Those tests, per NHTSA, 

failed to produce the same and/or similar A-Pillar 

deformations seen in vehicle-to-vehicle crash tests. 

NHTSA then moved to another instrumented OMDB 

that was used in vehicle compatibility research and 

developed by Trella et al. [13]. NHTSA further 

modified the OMDB by making changes to the face 

plate in terms of the width, the height above the 

ground to prevent override, and the full height of 

the barrier to be around the beltline (window sill) 

height. To prevent the bottoming out of the 

honeycomb, NHTSA used computer simulations and 

developed a two-layer barrier honeycomb face. The 

front layer has a stiffness of 0.74 MPa (100 psi), and 

the back layer stiffness was increased to 1.71 MPa 

(245 psi) to help prevent the bottoming out 

phenomena. Both honeycomb layers have a 

thickness of 300 mm. The resulting barrier was 

referred to as the Research Moving Deformable 

Barrier (RMDB), which is currently proposed for the 

new OI NCAP update. It should be noted that the 

frontal stiffness characteristics of this barrier were 

not developed to match a specific or even an 

average passenger car, but were developed to 

address the issues observed in testing with the 

FMVSS 214 OMDB 

Maximum Crush in the OMDB and Vehicle  

Grid points were placed on the OMDB face prior to 

impact along 11 Rows (R1-R11) and 11 Columns (C1-

C11) matrix.  Crush measurements along the 

deformable face of the barrier after the impact at 

each of these grid points were made.  Figure 18 

shows an example of the deformed barrier with the 

grid points imposed on the barrier face. Table 2 

shows the post-test crush measurements at each 

grid point of the C11xR11 matrix. The deformation is 

concentrated in the overlap contact area with the 

impacted vehicle. The crush measurements of this 

particular example were taken from NHTSA’s test 

report. Figure 19 shows a schematic diagram of the 

points C1 – C6 across the bumper width in which the 

static crush measurements were made by taking the 

difference between the pre-crash and post-crash 

measurements relative to a reference point.  

  

Figure 18.  Post-crash photo of the OMDB 

deformation   

Table 2.  The OMDB Post-Crash Measurements at 

the R11 x C11 Matrix Points  

  

 

Figure 19. Schematic diagram of vehicle static crush 

measurement points  

Maximum values of the static crush measured on the 

vehicle and the OMDB matrix points of OI crash tests 

are presented in Figure 21. It is evident that the 

majority of the grid points on the OMDB crushed less 

than or around 300 mm. That means in the majority 

of the tests, regardless of the impacted vehicle type 

and weight, only the first honeycomb layer was 
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crushed.  In a few tests, the second layer was 

crushed. The maximum static crush in small and light 

vehicle groups is higher than those observed in mid-

size or full-size vehicle groups. There are some 

outlier points as it appears in the SUV and Pickup 

groups (see Figure 21). The general observed trend is 

lighter and smaller vehicles experienced higher crush 

compared to heavier vehicles.   

 

Figure 20.  Post-crash vehicle static crush 

measurements 

 

Figure 21. OMDB and target vehicles maximum 

static crush   

Vehicle Deformation Energy 

In the fixed rigid wall barrier test (FRB), vehicle 

deformation energy is almost equal to the initial 

kinetic energy, ½ m2 v
2
. While in the OMDB-to-

vehicle OI test the change of the kinetic energy (∆KE) 

is equal to the total system deformation energy, (DE 

total), assuming no heat or friction energy loss. Total 

deformation energy can be expressed by Equation 5.  

Total system deformation energy is the energy 

absorbed by the OMDB and the target vehicle, as 

expressed by Equation 17. 

OMDBVehicleTotal
DEDEDE +=           (Equation 17) 

Estimated Deformation Energy in the OMDB 

Post-crash maximum static intrusion measurements 

at the grid points along an 11 Row (R1-R11) and 11 

Column (C1-C11) cell matrix were conducted.  An 

example of an OMDB deformation contour map, 

based on the intrusions of the barrier face at each 

cell after the crash, is shown in Figure 22. Each color 

level represents intrusion in 50 mm increments.  The 

cell size on the barrier face was 210 mm x 86 mm, 

providing a total area of 18060 mm
2
. The energy 

absorbed by each deformed cell can be calculated as 

a product of the cell area, cell maximum static 

intrusion, and the barrier honeycomb stiffness. 

Summing the absorbed energy across all the cells on 

the barrier deformed face can provide a reasonable 

estimate of the OMDB deformation energy (DE).  If 

the cell intrusion is less than 300 mm then the 

honeycomb stiffness is taken as 0.74 Mpa for the DE 

calculations. But, if the intrusion is larger than 300 

mm the cell DE consists of two parts, one is the cell’s 

area times 300 mm times 0.74 Mpa.  The second 

part is the cell’s area times the intrusion of the 

second layer (max. intrusion – 300 mm) times 1.71 

Mpa.  The total absorbed energy into the OMDB can 

be obtained by summing all the energy absorbed by 

each cell.    

 

 

Figure 22. An example of the intrusion contour map 

of the OMDB  
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A total of seven out of the 31 NHTSA’s OI tests in the 

series had barrier intrusion data available on 

NHTSA’s website at the time of this research.  The 

DE of the OMDB for the seven tests was calculated, 

as described in the previous section, and plotted 

against the corresponding mass ratio of the target 

vehicle to OMDB in Figure 23.  A linear regression to 

fit the seven points was performed to estimate the 

DE of the OMDB for the rest of the test series. A 

good fit with a R
2
 of 0.7033 was obtained, as shown 

in Figure 23. It is consistent with physics that the 

heavier the target vehicle is the more DE is induced 

in the OMDB.   

 

Figure 23.  Estimated DE in the OMDB 

Vehicle Deformation Energy 

Equation 17 can be used to calculate the DE of the 

target vehicle in OI test by subtracting the absorbed 

energy in the OMDB from the total deformed 

energy. The total DE in each test is represented by 

the change in kinetic energy before and after the 

impact and is calculated using Equation 5. Target 

vehicles front-end structure and the restraint 

systems are designed to manage the current 56 kph 

(35 mph) NCAP crash test against a FRB and provide 

good star ratings. The DE of target vehicles in the 

current NCAP test can be calculated from the vehicle 

kinetic energy Equation 18, assuming rebound 

energy is ignored. The initial velocity is constant, so 

the kinetic energy or deformation energy only 

depends on the vehicle mass.  

                  2

2
)56(

2

1
mDE

NCAP
=                (Equation 18) 

Figure 24 shows the total system DE energy, the DE 

of the OMDB, the target vehicle DE, and the vehicle 

current NCAP DE, for the 31 NHTSA’s OI tests in the 

selected series. For all the target vehicles considered 

in these analyses, it is quite clear that in OI the 

vehicle absorbs more DE compared to that in NCAP 

test. Figure 25 shows the normalized vehicle DE in OI 

by that of the NCAP plotted against target vehicle to 

OMDB mass ratio. It is very clear from Figures 24 and 

25 that the structural deformation generated in 

target vehicles subjected to NHTSA’s OI is 

significantly higher compared to the structural 

deformation in their NCAP test.   

 

Figure 24.  Vehicle deformation energy vs. mass 

ratio 

 
Figure 25.  Normalized deformation energy (OI to 

NCAP) vs. mass ratio 
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Figure 26 show the DE analysis for randomly 

selected pairs of small light vehicles and heavy 

weight vehicles for comparison.  Current vehicles are 

structurally designed to manage impact energy of a 

56 kph (35mph) full frontal barrier for self-

protection. The OI crash condition is significantly 

more severe than the 56 kph (35 mph) full frontal 

barrier impact. Lighter vehicles get penalized much 

more than heavy vehicles in managing the impact 

energy and require to manage significantly higher 

deformation energy than their current NCAP 

capacity. Target vehicles with similar weight to the 

OMDB manage approximately same DE as in the 56 

kph (35 mph) full frontal barrier impact.   

Figure 26.  DE comparison for light and heavy 

target vehicle in NHTSA’s OI  

DISCUSSION 

All 31 target vehicles considered in this analysis had 

to manage more DE energy in OI than their 

structural capacity (NCAP structural capacity). Small 

and light vehicles in particular, as shown in Figures 

24 and 26, get significantly penalized in the OI 

because they require to manage 50% ~ 60% more DE 

compared to their intended NCAP design. This may 

lead to an ill-defined need of significant front-end 

stiffening or reinforcement.  

The OI protocol calls for a 15 degrees oblique angle 

which produces a 23.3 kph (14.5 mph) lateral initial 

impact velocity. There is a significant initial lateral KE 

energy coming into the target vehicle which needs to 

be managed through structural deformation energy, 

[1/2 m2 * (23.3 kph)
2
].  This lateral impact energy 

produces a lateral acceleration component in the 

target vehicle which may peak close to or at a similar 

level to that of the longitudinal component during 

the impact. (See Figures 5-8).  Today’s vehicles are 

designed for side impact resulting in a good 

structural performance. The 15 degree oblique angle 

in OI is specified for frontal impact which may falsely 

lead the structural engineers to add unnecessary 

structural frontal reinforcements to manage lateral 

impact energy. The 15 degree angle produces 

occupant kinematics different than those observed 

in other frontal impact crash modes and that may 

drive development for new restraint systems or 

enhancing the current ones. 

Other contributions to the added DE in the struck 

vehicles in the OI test are the barrier mass, velocity, 

and stiffness.  The initial kinetic energy in OI is higher 

than those in other frontal impact modes due to a 

heavier barrier mass and a higher initial impact 

speed. In most of the 31 tests, considered in this 

paper with the exception of a few, the first 

honeycomb layer of OMDB was penetrated and 

deformed in the contact overlap area due to its low 

stiffness of 0.74 MPa (100 psi). However, the second 

layer has a stiffer honeycomb of 1.71 MPa (245 Psi) 

and it was hardly penetrated after the first layer 

completely deformed or bottomed out. To balance 

the total system energy between the impacting 

OMDB and the impacted vehicle, the remaining 

kinetic energy, after the first layer completely 

deformed, would have to be transferred to the 

impacted vehicle and managed through more 

structural deformation and possibly rotation. These 

observations in addition to the weak correlation of 

the THOR dummy responses with the vehicle 

velocity change (Delta V) or with the vehicle BEV 

suggest further research may be warranted to 

develop a more feasible and viable new frontal 

impact protocol to further enhance real world 

safety.  

CONCLUSION 

The final conclusions of this study are summarized 

below:  

• The proposed OI crash condition is 

significantly more severe than the 56 kph 

(35 mph) full frontal barrier impact. 

• In vehicle-to-vehicle collisions, the lighter 

weight vehicle experiences a higher velocity 

change and higher acceleration levels, and 

therefore, occupants in the lighter vehicle 

experience higher injury risk. 
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• The THOR dummy responses in NHTSA’s OI 

tests showed weak or no correlation 

(sometimes negative correlations) with the 

velocity change or with the BEV of the 

target vehicle. This contradicts the general 

basic biomechanics understanding that 

occupant injury risk increases as velocity 

change increases. 

• Lighter vehicles have to manage 

approximately 50-60% more DE in the OI 

than in their corresponding 56 kph (35 mph) 

full frontal barrier impact. 

• Even larger vehicles (i.e. similar mass to the 

OMDB) need to manage more DE but 

approximately same as in their 56 kph (35 

mph) full frontal barrier impact. 

• Lighter vehicles will require significant 

structural stiffening and potentially stiffer 

restraint systems. This may lead to other 

potential issues and conflict with other 

requirements such as fuel economy. 

o Stiffening front-end structure of 

small and lighter weight vehicles 

for the proposed OI may lead to 

stiffer crash pulses which may have 

negative impact on rear seat 

occupant safety and the likelihood 

to increase mass and stiffness 

incompatibility in front-to-front 

and front-to-side impacts. 

o Stiffer restraint systems may have 

an adverse effect on elderly. 

o 2017-2025 fuel economy 

regulations may lead to downsizing 

of vehicles and/or mass reduction 

and higher penetration of small 

vehicles in the fleet. 

• In general, the proposed OI mode did not 

demonstrate the expected injury trend with 

velocity change. Other issues may exist with 

the barrier mass, stiffness, THOR dummy or 

test oblique angle. 

• Further research is suggested to develop 

the appropriate OI test parameters, OMDB, 

and dummy type and or injury criteria. 
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ABSTRACT 
 
Advanced automatic collision notification (AACN) based injury severity prediction (ISP) has great potential to 
improve post-crash care.  The national Expert Panel for Field Triage set 20% risk of Injury Severity Score (ISS) 15+ 
injury as the threshold for urgent transport to a trauma center.  Earlier, we published an Injury Severity Prediction 
algorithm (ISP v1) that was developed using data from the National Automotive Sampling System Crashworthiness 
Data System (NASS_CDS) for the calendar years 1999-2008.  In a field trial published at ESV 2015, this ISP 
algorithm version 1 demonstrated better than predicted sensitivity to detect seriously injured (ISS15+) crash 
occupants.  In the current study, we sought to a) update the ISP algorithm using more current NASS-CDS data, b) 
improve predictive accuracy by refining the granularity of the input data, and c) validate the ability of this updated 
algorithm (ISP v2) using real-world crash cases involving GM vehicles equipped with OnStar. 
 
NASS-CDS data (1999-2013) was used to develop a functional logistic regression model to predict the probability 
that a crash-involved vehicle would contain one or more occupants with ISS 15+ injuries in planar, non-rollover 
crash events involving Model Year 2000 and newer cars, light trucks, and vans. Two of the parameters used in the 
original ISP algorithm were modified (principal direction of force [PDOF], older occupant age) and a new parameter 
was created and involved the presence of a right-sided passenger. This study was approved by the IRB of the 
Michigan Department of Health and Human Services (formerly the Michigan Department of Community Health). 
The initial 924 occupants in 836 crashes published in the 2015 study were again opened for review and injury 
severity predictions from the updated algorithm were compared to the observed injury outcomes. 
 
The updated ISP v2, which employs the functional data analysis technique to model the effect of PDOF to ISS 15+ 
injury as a continuous cyclic function, showed an improved predictive performance (AUC 0.872, AIC 2370) over 
the original ISP v1 (AUC 0.865, AIC 2377) that used only 4 crash directions.  The original elderly age cutoff of 55 
performed better than an age cutoff of 60, so age ≥55 was retained as a parameter in ISP v2. Using field data for 
validation, the updated ISP algorithm had significantly improved sensitivity for detecting seriously injured (ISS 
15+) occupants (72.7% vs. 63.4%) with minimal changes in specificity (93% vs 94%).  The AUROC for ISP v2 was 
0.946, an improvement over the AUROC for ISP v1 (AUROC 0.932). 
 
This study confirms under real world field conditions that occupant injury severity can be predicted using vehicle 
telemetry data.  The updated ISP v2 algorithm’s ability to predict a 20% or greater risk of severe (ISS15+) injury 
confirms ISP’s utility for the field triage of crash subjects.   
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INTRODUCTION 

According to the Centers for Disease Control (CDC), 
in 2014 2,412,109 occupants were injured and 33,736 
occupants were killed in motor vehicle crashes in the 
US alone. [4] Numbers are higher across the globe, 
with the World Health Organization (WHO) stating 
up to 50 million people are injured and over 1.2 
million people killed in MVCs.[5] It appears there is 
still much work to be done to decrease these 
numbers. 

Minimizing the time between injury and treatment is 
vitally important to reduce morbidity and mortality. 
First responders must arrive at the scene quickly, 
with appropriate equipment, to treat, triage, and 
transport occupants to the appropriate medical center 
for further care. There is a 25% reduction in mortality 
if occupants arrived at a Level I Trauma center versus 
a non-Trauma center. [6] 

The CDC’s National Expert Panel concluded that 
AACN showed promise in improving outcomes to 
severely injured crash patients by: 

• Predicting the likelihood of serious injury in 
vehicle occupants 

• Decreasing response times by pre-hospital 
care providers 

• Assisting with field triage destination and 
transportation decisions 

• Decreasing time to definite trauma care 
• Decreasing death and disability from MVCs 

This panel recommended that pilot studies be 
conducted using vehicle telemetry data including: 

• Delta V (crash severity) 
• PDOF 
• Seatbelt usage 
• Crashes with multiple impacts 
• Vehicle type 

Additionally, the panel recommended that voice 
communication be established to determine the 
presence of injuries and also to collect additional 
information that might affect injury risk. It endorsed 
calculating the injury risk with all available data and 
that if the occupant is at 20% or greater risk of ISS 
15+ injury, the relevant Public Safety Answering 
Point (PSAP) should be notified that the occupant 
meets the Field Triage Decision Scheme’s Step 3 
criterion for “vehicle telemetry consistent with high 
risk of injury” and appropriate resources dispatched. 
[1] 

 

 
With these recommendations in mind, the first ISP 
algorithm was developed using a logistic regression 
model of national representative crash data (NASS-
CDS, calendar years 1999-2008). [2] This dataset 
provided a model sensitivity of 40% and specificity 
was 98% using an injury probability cutoff of 20% 
risk of ISS >15.  In a field trial published at ESV 
2015, this ISP algorithm version 1 demonstrated 
better than predicted sensitivity to detect seriously 
injured (ISS15+) crash occupants. [3]  In a field trial 
published at ESV 2015, this ISP algorithm version 1 
demonstrated better than predicted sensitivity to 
detect seriously injured (ISS 15+) crash occupants. 
[3] In the current study, we sought to a) update the 
ISP algorithm using more current NASS-CDS data, 
b) improve predictive accuracy by refining the 
granularity of the input data, and c) validate the 
ability of this updated algorithm (ISP v2) using real-
world crash cases involving GM vehicles equipped 
with OnStar. 

METHODS 

NASS-CDS data (1999-2013) was used to develop a 
functional logistic regression model to predict the 
probability that a crash-involved vehicle would 
contain one or more occupants with ISS15+ injuries 
in planar, non-rollover crash events involving Model 
Year 2000 and newer cars, light trucks, and vans. 
Unchanged model input parameters from ISP v1 
included: change in velocity (Delta-V), multiple vs. 
single impacts, belt use, presence of a female 
occupant, presence of an older occupant (≥55 years 
of age), and vehicle type (car, pickup truck, van, and 
sport utility). Two of the parameters were modified to 
address opportunities noted in results from the field 
trial of ISP v1. 

Modified input parameters included: PDOF as a 
continuous input, ranging from 0 to 360 degrees 
(instead of 4 crash directions: front, left, right, and 
rear) and the presence of an older occupant (≥55 
years old vs. ≥60 years old). To investigate PDOF as 
the actual degrees rather than direction 
categorization, we used a functional data analysis 
approach and modelled the logarithm of the relative 
odds of PDOF on injury risk as a continuous cyclic 
function ranging from 0 to 360 degree. The function 
was modelled as cyclic basis splines with 10 degrees 
of freedom. 

There was discussion regarding the original age cut 
off of >55 years. We divided occupants with a series 
of different age cutoffs, ranging from 40 to 70 years. 
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For each age cutoff, we compared the risk of having 
an ISS 15+ injury between two groups and calculated 
p-values. Figure 1 shows the logarithm of p values 
versus age cutoffs. P-values steadily decrease until 
approximately the age of 60. In developing ISP v2, 
we investigated whether choosing an older age cutoff 
would improve the prediction accuracy. 

 

 
Figure 1: Age cutoffs and logarithm of p values. 

A new input parameter included presence of a right-
sided passenger and its interaction with PDOF. When 
a right-side passenger is present, another functional 
curve of PDOF was added to the model. This 
represents the additive injury risk due to the right-
side passenger. The logarithm of relative odds of 
PDOF for this injury risk was modelled as cyclic 
basis splines with 5 degrees of freedom. 

Finally, in developing ISP v2, we employed a 
forward/backward selection procedure. Starting from 
the null model, in each step, we added or removed 
one variable to minimize Akaike Information 
Criterion (AIC). The procedure stops when AIC 
cannot be improved and the final model is then 
reported. 

924 occupants in 836 crash events involving vehicles 
equipped with AACN capabilities in the state of 
Michigan were identified from the OnStar records.  
The injury status of all occupants in the case vehicles 
was determined.  The updated algorithm (ISP v2) was 
used to calculate the predicted risk of injury based on 
transmitted telemetry data and this prediction was 
compared to the observed injury outcome. 
 
 
 

RESULTS 

We compared the predicted versus observed injuries 
for four different models: 

• ISP v1 refitted with NASS-CDS data 
through year 2013 

• ISP v1 refitted, but using the age cutoff as 
60  

• ISP v2 with inputs as logarithm of Delta V, 
10 cyclic basis splines for PDOF, 5 cyclic 
basis splines for PDOF when right-side 
passenger is present, belt status, vehicle 
body type, if multiple events, if age is equal 
to or older than 55, gender 

• Same as ISP v2, but use if age is equal to or 
older than 60 
 

Table 1. 
Coefficients 

  Est SE 
P 

values 

Intercept -11.715 3.196 <0.001 

ln delta-V (mph) 4.040 0.248 <0.001 
If all occupants 
belted -1.472 0.234 <0.001 
If at least one 
occupant > 55 1.179 0.141 <0.001 

If a multiple event 0.458 0.144 0.001 
If at least one 
female  0.231 0.119 0.052 
PDOF (splines with 
df = 10) -5.524 4.951 0.265 

main effect -2.946 2.743 0.283 

  -4.515 3.706 0.223 

  -0.583 3.202 0.856 

  -8.505 3.273 0.009 

  1.303 3.735 0.727 

  -4.070 3.287 0.216 

  -4.156 3.722 0.264 

  -3.649 3.055 0.232 

  -3.986 3.490 0.253 
PDOF (splines with 
df = 5) when there 
is also a RFP 3.739 1.001 <0.001 

  -2.334 1.270 0.066 

  1.338 0.660 0.043 

  -0.295 0.471 0.531 

  0.572 0.441 0.195 
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Table 2. 
The performance of the four statistical models 

using NASS data. 
AIC AUC 

ISP v1 2377.34 0.865 

ISP v1 (Age cutoff: 60) 2387.72 0.864 

ISP v2 2370.40 0.872 

ISP v2 (Age cutoff: 60) 2384.75 0.871 

Note that smaller AIC results in better fit of data, 
while a larger AUC indicates better predictive ability 
of the models. Consistently, seen from both AIC and 
AUC, ISP v2 performs better than ISP v1. Choosing 
age cutoff as 60, identified through univariate 

analysis, actually leads to worse results in the 
multivariate analysis. We therefore chose model 3 
above (i.e. ISP v2 with age cutoff of 55) as the final 
model. 

The functional curves of relative odds of severe 
injury for the full range of PDOF are presented in 
Figure 2. We chose 0 degree PDOF as the reference 
point, and plotted the relative odds of PDOF for 
drivers (left) and right-side passengers (right). For 
drivers, the relative odds increased to 4 as PDOF 
increased to 90 degrees. The increase of odds seems 
not linear and more dramatic after 45 degrees. This 
somewhat suggests a smaller window for side-impact 
injury risk. The relative odds then decreased to ~ 0.5 
when PDOF was close to 180 degrees. From there, 
the relative odds increased to about 12 when PDOF 
was close to 270 and dropped back to 1 when PDOF 
reached 360. 

                 

                           Driver                                                                                    Right-side Passenger 
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When there is a right-side passenger, the additive 
relative odds of ISS 15+ injury peaked at 3.8 when 
PDOF was near 90 degrees. There is a smaller peak 
of relative odds at 1.5 when the impact came from the 
left side. Interestingly, the PDOF corresponding to 
this peak is not at 270 degrees, but closer to 315 
degrees, which is a left, frontal impact. 

We validated the new developed model with the 
OnStar data used in our 2015 ESV study. Our OnStar 
dataset has 924 occupants in total, and represents a 
slightly different population than NASS-CDS from 
which the predictive model was developed. The 
median age in OnStar is 41 years old. 57% are 
female. 21% are right-side passengers. Only 1.2% of 
occupants have ISS 15+ injury. We included rear seat 
passengers in this study of occupant outcomes (rear 
seat passengers were not considered when developing 
the predictive model). 

The updated ISP v2, which employs the functional 
data analysis technique to model the effect of PDOF 
to ISS 15+ injury as a continuous cyclic function, 
showed an improved predictive performance (AUC 
0.872, AIC 2370) over the original ISP v1 (AUC 
0.865, AIC 2377) that used only 4 crash directions.  
The original elderly age cutoff of 55 performed better 
than an age cutoff of 60, so age ≥55 was retained as a 
parameter in ISP v2. 

Using field data for validation, the updated ISP 
algorithm had significantly improved sensitivity for 
detecting seriously injured (ISS 15+) occupants 
(72.7% vs. 63.4%) with minimal changes in 
specificity (93% vs 94%).  The AUROC for ISP v2 
was 0.946, an improvement over the AUROC for ISP 
v1 (AUROC 0.932). 

Table 3: 
ISP v1 Sensitivity and Specificity 

 - + 
Sensitivity: 63.4% 
Specificity: 94% 

- 858 55 

+ 4 7 

 
Table 4: 

ISP v2 Sensitivity and Specificity 

 - + 
Sensitivity: 72.7% 
Specificity: 93% 

- 852 61 

+ 3 8 

 
 

DISCUSSION 

The Injury Severity Prediction algorithm was updated 
using current NASS-CDS data.  This updated 
algorithm (ISP v2) with PDOF included as a 
continuous input rather than four discrete crash 
directions shows significantly improved sensitivity to 
detect seriously injured (ISS 15+) occupants, whether 
drivers or right-sided passengers.   

The field performance of ISP v2 utilizing the OnStar 
dataset showed 72.7% sensitivity and 93% 
specificity. Sensitivity is defined as the probability 
that a test result will be positive (ISP≥0.2) when the 
condition (ISS 15+) is present. The observed 
sensitivity performance was better than the 40% 
performance that ISP v1 achieved when applied to 
the NASS-CDS dataset and better than the 63.4% 
performance that ISP v1 achieved when applied to 
the same field cases. As previously stated, the more 

consistent and accurate measurements of crash 
severity, more accurate determination of restraint use, 
and more consistent vehicle safety performance due 
to the vehicles being from a single manufacturer and 
being newer models may play a part in the better 
performance of the algorithm. 

 The specificity performance of the ISP in this study 
was 93%. Specificity is defined as the probability that 
a test result will be negative (ISP<0.2) when the 
condition (ISS>15) is not present. The observed 
specificity performance was less than the 98% 
performance that the algorithm achieved when 
applied to the NASS-CDS dataset and slightly less 
than ISP v1 specificity of 94% when applied to the 
field cases. While the overall number of cases studied 
is relatively small, there were fewer ISS>15 injured 
cases observed than would have been expected based 
on the number of cases, configuration and crash-
severity mix of the crashes included in this study. 
This trend might be the result of continuously 
improving vehicle safety performance in the study 
fleet versus the NASS-CDS fleet used to calibrate the 
algorithm. The average age of the study fleet was 
younger than the average age of the vehicles in 
NASS-CDS. [3]  

ISP v1 was developed from NASS-CDS data and 
defined crash direction into only four categories 
(front, left, right, and rear). Real world crashes 
cannot always fit into these groups and frequently fall 
into offset or narrow configurations that may impact 
injury risk. Right side and oblique impact crashes 
appear to be underweighted in ISP v1. In the 2015 

Figure 2: Functional curves of relative odds of severe injury for the full range of PDOF. 
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field trial, observed injuries of right sided occupants 
suggested that it could be beneficial to adjust the 
right side impact coefficients to reflect a higher risk 
of severe injury if there is a right sided occupant in 
place during the crash.  

In the current study, we modified the ISP algorithm 
to utilize crash PDOF as the actual degrees rather 
than 4 simple direction categories.  We used a 
functional data analysis approach and modelled the 
logarithm of the relative odds of PDOF on injury risk 
as a continuous cyclic function ranging from 0 to 360 
degree. The function was modelled as cyclic basis 
splines with 10 degrees of freedom.  A new input 
parameter included presence of a right-sided 
passenger and its interaction with PDOF. When a 
right-side passenger is present, another functional 
curve of PDOF was added to the model. This 
represents the additive injury risk due to the right-
side passenger. The logarithm of relative odds of 
PDOF for this injury risk was modelled as cyclic 
basis splines with 5 degrees of freedom. Examination 
of the OnStar cases used for validation showed 
improved injury prediction of right-sided crashes.  

The theory that the ISP could be better improved with 
more granular age parameters rather than a single 
threshold of age 55 proved to be false. We divided 
occupants with a series of different age cutoffs, 
ranging from 40 - 70 years. For each age cutoff, we 
compared the risk of having an ISS 15+ injury 
between two groups. Choosing the age cutoff as 60 
actually led to worse results in the multivariate 
analysis.  

While it is well known that the increased crash injury 
risk accelerates with advancing age rather than 
plateauing, [6-9], in this analysis a cutoff of age 55 
resulted in a better fit and better predictive ability for 
the algorithm. The Sensing and Diagnostic Module 
(SDM) does not have the capability to capture age 
data. When the telematics provider contacts the 
occupants in the crashed vehicle, they ask questions 
about who is in the vehicle. In this way, they can 
obtain age to send to the PSAPs. These results 
confirm the importance of age in injury risk 
calculation and highlight the importance of collecting 
this data.  

Finally, in developing ISP v2, we employed a 
forward/backward selection procedure. Starting from 
the null model, in each step, we added or removed 
one variable to minimize Akaike Information 
Criterion (AIC). The procedure stops when AIC 
cannot be improved and the final model is then 
reported.  We believe this to be a more consistent 

approach that can be used for future ISP iterations. 
 
CONCLUSION 

As with ISP v1 and the subsequent field trial, this 
study confirms under real world field conditions that 
occupant injury severity can be predicted using 
vehicle telemetry data.  The updated ISP v2 
algorithm’s ability to predict a 20% or greater risk of 
severe (ISS 15+) injury confirms ISP’s utility for the 
field triage of crash subjects.   

The level of sensitivity for severe injury achieved by 
ISP v2 increased to a remarkable 72.7 achieved with 
only data or communication transmitted from the 
vehicle and before dispatch of EMS to the scene.  
Since the consequence of missing a severe injury is 
immediately life-threatening, sensitivity receives the 
highest priority in trauma care. The longstanding 
Field Decision Scheme has been used as the basis for 
triage protocols in state and local emergency medical 
systems (EMS) across the United States for many 
decades. The combined sensitivity of the first two 
steps (Physiologic and Anatomic) of the Decision 
Scheme has consistently remained ~ 40-50% with 
field data collected by first responders. [12-15] 

Newer crash sensors may also support further 
improvements in the performance of the ISP 
algorithm. As the SDM systems change and more 
detailed telemetry data collection is possible, ICAM 
anticipates improvements in risk prediction. The fleet 
is in constant flux with new safety systems as well as 
enhanced SDMs. [16, 17] 

Michigan, parts of the United States, and the world 
all have many rural areas where reports of crash 
events to public safety may be delayed, leading to 
slow response by EMS. [18, 19] These same areas are 
also characterized by long transport distances that 
will delay the transfer of the severely injured to 
medical facilities. Automatic collisions notification 
alone, without additional vehicle telemetry for injury 
prediction, can save significant lives [20]. Time is of 
the essence in these cases and getting these occupants 
to the proper medical destination capable of 
definitive trauma care is essential. Transmitted 
telemetry data from AACN can not only provide 
notification that a crash has occurred, it can also alert 
the local first responders as to what type and how 
severe of crash they are responding to – they will 
know what equipment to bring in order to best triage 
and treat the occupants. There is potential also to 
immediately initiate air transport and get them to the 
scene quickly as well. 

The resources utilized in the emergency care of crash 
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injuries place a significant burden on local 
communities, especially rural ones. Over triaging 
patients without severe injuries to trauma centers or 
other medical centers for unnecessary evaluation is 
expensive and wasteful. The recent changes to Step 3 
(mechanism of injury) of the Field Triage Decision 
Scheme is estimated to provide yearly US savings of 
over $500 million in medical costs alone. [21] With 
widespread use of AACN, those savings can be 
multiplied. [3] 
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ABSTRACT 

As the adoption of hybrid and electric vehicles (HVs and EVs) increases, concerns have emerged regarding their 
relative quietness with respect to pedestrian detectability. Although all pedestrians face a possible increase in risk 
due to lower operating noise associated with HVs and EVs, the visually impaired and blind community faces an 
even greater potential for risk due to their reliance on hearing as an assessment for when it is safe to cross a 
roadway. 

Vehicle manufacturers have started implementing additive noise solutions designed to increase vehicle detectability 
while in electric mode and/or when traveling below certain speeds. This paper presents a single effort undertaken to 
evaluate the United Nations Economic Commission of Europe’s (UNECE’s) proposed evaluation method for quiet 
road vehicles, as well as to assess performance between two additive noise approaches. This effort also evaluated 
detectability of an EV with no additive noise versus a traditional internal combustion engine (ICE) vehicle. 

Twenty-four legally blind individuals participated in a daylong session evaluating detectability of approaching 
vehicles within a controlled environment. Vehicle approach scenarios consisted of two levels of steady-state speed, 
and a scenario where vehicles came to a complete stop. Participants, seated within one lane of a closed-test track, 
declared auditory detection of an oncoming vehicle by pushing a hand-held button.  

Findings suggest that although mean detection distances trend higher for vehicles with an additive noise component, 
they aren’t significantly different from traditional EVs at speeds of 10 kph. Moreover, all EV/HVs were detected at 
significantly shorter distances relative to the ICE vehicle. At an approach speed of 20 kph, however, these 
differences become indistinguishable, likely due to the additional road noise produced by tires at higher travel 
speeds.  

The findings from this study provide justification for the usefulness of examining additional vehicle types, approach 
maneuvers, road surfaces, and noise levels within the same general context. Furthermore, the findings from this 
study provide guidance regarding the impact of EV additive noise on detectability, particularly as it relates to the 
vision-impaired population.  



 

Neurauter 2 

INTRODUCTION 

As the adoption of hybrid and electric vehicles (HVs 
and EVs) increases, concerns have emerged 
regarding their relative quietness with respect to 
pedestrian detectability. Although all pedestrians face 
a possible increase in risk due to lower operating 
noise associated with HVs and EVs, the visually 
impaired and blind community faces an even greater 
potential for risk due to their reliance on hearing as 
an assessment for when it is safe to cross a roadway. 

In order to address these concerns, vehicle 
manufacturers have begun implementing additive 
noise solutions designed to enhance vehicle 
detectability while in electric mode and/or when 
traveling below a certain speed. Regulations 
regarding additive sound characteristics (e.g., 
loudness, tone, etc.) were not available as the study 
discussed herein was under development. As a result, 
there has been, and continues to be, a great deal of 
variability among available implementations. 

In terms of assessing performance, however, the 
United Nations Economic Commission of Europe 
(UNECE) has developed a method for evaluating 
additive vehicle noise solutions in quiet road vehicles 
[1]. The research outlined in this paper encompasses 
a single effort undertaken to evaluate the UNECE’s 
proposed method, as outlined. This research was also 
guided by interest in assessing General Motors’ 
current EV additive noise approach relative to 1) a 
competitor application, 2) an EV with no additive 
noise feature, and 3) a traditional internal combustion 
engine (ICE) vehicle. 

Proposed Regulations & Past Research 
In 2011, The National Highway Traffic Safety 
Administration (NHTSA) proposed minimum sound 
requirements for HVs and EVs to ensure that these 
quiet vehicles emit an artificial sound in an effort to 
ensure that they are “…recognizable as motor 
vehicles in operation…”[2-3]. The current study 
sought to add to the existing body of knowledge 
regarding detectability of non-ICE vehicles. 

Over the course of three phases of research beginning 
in 2013, NHTSA determined that adding synthetic 
sounds of combustion noise to EVs and HVs was 
relatively ineffective and that the ability to detect 
approaching vehicles was not significantly impacted 
by visual impairment. Moreover, NHTSA’s research 
ultimately recommended minimum additive sound 
requirements designed to improve detection and 
recognition of EVs and HVs as motor vehicles [3]. 
NHTSA stated that international guidelines 
addressing the issue (namely UNECE guidelines [1]) 
fell short of the level of detail typically found in a 

Federal Motor Vehicle Safety Standard (FMVSS). 
Notably, NHTSA clarified that some test standards 
had failed to account for psychoacoustic factors, 
while others were still under development [2].  

The research team conducted a review of relevant 
research during the course of this project in order to 
summarize previous findings in the area of additive 
sound for EVs and HVs, recognizing that further 
research was needed. The studies reviewed 
considered scenario environments (e.g., types of 
intersections and procedures used) [4-12], sounds 
(i.e., ambient/environmental and vehicle-based) [4-
7], vehicle speed and characteristics [5, 7-8], and 
properties relative to participants (i.e., positioning of 
participants during experiments and individual 
hearing loss) [4-7, 9-12]. 

Research regarding sound factors revealed that when 
the ambient noise surrounding the roadway 
environment was lower, pedestrians made fewer risky 
decisions to cross the road. Often, pedestrians who 
are visually impaired rely on surges in vehicle traffic 
when making crossing decisions. A number of 
studies noted that more research was needed in 
higher ambient sound-level scenarios within a 
controlled environment, particularly where noise 
level conditions would remain constant across the 
study test scenarios. In addition, research suggests 
that the interaction of artificially-added sound 
coupled with an ambient background noise impacted 
visually-impaired pedestrian performance of 
orientation and mobility tasks along roadways. One 
study found that, specifically, sound energy in the 
500–1,000 Hz range hindered detection of vehicle 
noise [5].  

Studies considering vehicle factors, including vehicle 
speed and characterization, investigated vehicle 
speeds up to approximately 32 kph. These studies 
noted that previous research by NHTSA determined 
that most crashes involving HVs occur within the 10–
20 kph range and that tire noise makes up the 
majority of the sound for approaching vehicles at 
higher speeds. NHTSA’s proposed minimum sound 
requirements for EVs and HVs addressed speeds 
from idle up to 30 kph. In addition, one study noted 
that future research should take into consideration 
vehicle characteristics, such as tire tread wear, 
vehicle engine and exhaust system state of repair, 
whether fans or radios were on in passing vehicles, 
and battery charge state [7]. 

The research reviewed also examined factors related 
to study participants. In particular, participant 
alignment during the experiments was carefully 
considered, with many studies staggering participants 
along roadways in order to minimize sound 
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“shadowing,” which, if not accounted for, may hinder 
auditory detection of vehicle traffic. Participant 
hearing loss was also considered, with some studies 
using self-reported hearing loss information, verified 
by an audiometer, categorizing hearing loss in bins 
for analysis. In addition, studies reviewed may not 
have taken into account directional hearing loss 
(differences in hearing loss out of the right and/or left 
ear, depending on vehicle approach direction).  

Through this literature review, it was determined that 
further research should consider both ambient and 
vehicle-based sound, vehicle speed while controlling 
for vehicle characteristics (to the extent possible), 
and participant alignment along roadways. 

METHODS 

Test Site 
Based on the given objectives, vehicle detection 
within a noise-controlled environment was the 
primary focus for these evaluations. As such, 
selection of an appropriate site location to support 
both benchmark vehicle noise testing, as well as the 
subsequent “listener” (participant) evaluations, was 
critical. Under ideal circumstances, this location 
would provide a safe environment conducive to 
testing with “pedestrians” seated on or near the 
roadway. Additionally, this site should offer low 
ambient noise levels, a level roadway, a road surface 
representative of typical roadways, and an 
appropriate distance to accommodate the selected 
dynamic maneuvers.  

The research team identified multiple sites, 
conducting benchmark vehicle noise testing at each 
location before selecting a segment near the lower 
turnaround of the Virginia Smart Road (Figure 1), a 
closed test track adjacent to the Virginia Tech 
Transportation Institute (VTTI) in Blacksburg, VA. 
This location came closest to meeting the ideal 
requirements identified above.  

 

Figure 1. Smart Road location and road surface. 

As Smart Road access is controlled, testing within 
this location guaranteed that no other vehicles would 
enter the defined evaluation area. Noise levels at the 
selected location were the lowest of any site 
measured, primarily due to the absence of any direct 
impact by surrounding primary roadways. The 
roadway was relatively level, with an approximate 
1% grade, while also providing sufficient distance to 
support dynamic maneuvers. Finally, the roadway 
surface closely resembled that of a typical asphalt-
paved roadway throughout Virginia, but notably, was 
not representative of new pavement.  

Vehicles 
Four vehicles were selected for the benchmark 
vehicle noise tests and the listener testing component. 
These vehicles included a 2011 Chevrolet Volt (EV, 
no additive sound), a 2014 Cadillac ELR (EV, GM 
production additive sound), a 2013 Toyota Prius 
(HV, competitor additive sound under electric mode), 
and a 2013 Cadillac SRX (ICE).  

It is critical to note that the Prius, as it is an HV 
rather than a pure EV, was only driven in electric 
mode (ICE off) during the approach maneuvers. 
Radios, heating, ventilation, and air conditioning also 
remained off throughout testing across all vehicles.  
The Volt and ELR were fully charged prior to testing.    

UNECE Vehicle Noise Testing 
Benchmark vehicle noise testing was conducted at 
multiple test locations during the test site search, 
measuring the overall sound pressure level (SPL) and 
1/3 octave band levels of the vehicles at 10 kph and 
20 kph. Testing followed the procedure outlined in 
the UNECE document [1], which provides guidelines 
on microphone spacing, vehicle speeds, number of 
trials, and background noise levels. Results included 
within this document are specific to testing conducted 
at the selected test location at the bottom of the Smart 
Road.  

The UNECE testing procedure consisted of 
measuring the overall A-Weighted SPL and 1/3 
octave band SPLs as the vehicle moved through a 
well-defined test area. The test area and microphone 
locations are illustrated in Figure 2. 

 

Figure 2. Dynamic vehicle noise testing. 

Recording of acoustical measurements began when 
the vehicle’s front bumper entered the test area (at -
10 m) and stopped when the rear bumper exited the 
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test area (+10 m). For each vehicle and speed, four 
runs were completed and the overall SPLs were then 
averaged as a function of distance. Background noise 
level measurements were also made throughout the 
testing procedure.  

Valid tests were completed for each of the four 
vehicles across two speed conditions. Background 
noise, consisting of four 10-second measurements, 
provided an average background noise measurement 
across the two microphones at 41.6 (±.1) dBA.  

Results for the 10 kph and 20 kph vehicle drive-by 
tests are provided below (Figure 3 and Figure 4). 
These plots represent the overall average across four 
trials for each vehicle and approach speed, with 
averages provided for both driver and passenger 
sides. The curves at 20 kph are heavily influenced by 
road/tire noise, and are therefore less variable. 
Because the average background noise value was 10 
dBA below the peaks of all drive-by measurements, 
no correction for the background noise was necessary 
[1].  

 

Figure 3. Drive-by noise testing at 10 kph (Left: 
Driver Side; Right: Passenger Side) 

 

Figure 4. Drive-by noise testing at 20 kph (Left: 
Driver Side; Right: Passenger Side) 

The octave band results corresponding to the plots 
above are provided below (Table 1 and Table 2). The 
yellow highlighted values illustrate 1/3 octave bands 
that fall below the UNECE proposed minimum (far 
right column within each table). In order to meet the 
standard, a vehicle must meet or exceed the 
prescribed minimum for at least two of the 1/3 octave 
bands, with one of those below 630Hz. Based on this 
criteria, all vehicles met the UNECE standard for 
both approach speeds.  

 

 

Table 1. 
1/3 Octave Band Results for UNECE Tests at 10 

kph.  Frequency in Hz, Levels in dBA 

 

Table 2. 
1/3 Octave Band Results for UNECE Tests at 20 

kph.  Frequency in Hz, Levels in dBA 

 
 
The overall sound pressure levels for each vehicle 
and speed are provided in Table 3, further illustrating 
that the 20 kph measurements are dominated by road 
noise as the vehicles become less separable (range of 
only 3 dBA for 20 kph, compared to 6 dBA for 10 
kph). Notably, all vehicles exceeded the UNECE 
minimum by at least 4 dBA for 10 kph, and by at 
least 5 dBA for 20 kph approach speeds.  

Table 3. 
Overall peak SPL- A Weighted 

 

  

Frequency ELR Volt Prius SRX ECE Min. Frequency ELR Volt Prius SRX ECE Min.
160 35 37 34 35 45 160 35 37 33 35 45
200 40 39 39 39 44 200 40 38 38 38 44
250 43 41 44 42 43 250 42 40 43 42 43
315 41 42 42 40 44 315 42 43 41 40 44
400 46 44 41 43 45 400 46 41 38 42 45
500 46 46 42 47 45 500 45 43 41 47 45
630 49 47 45 48 46 630 50 46 45 49 46
800 51 49 45 48 46 800 52 49 46 50 46
1000 49 48 43 49 46 1000 49 49 45 49 46
1250 48 47 45 50 46 1250 51 51 47 52 46
1600 47 45 43 51 44 1600 49 49 45 51 44
2000 49 44 48 51 42 2000 50 48 52 50 42
2500 47 43 46 51 39 2500 52 46 52 51 39
3150 44 45 38 51 36 3150 49 46 42 49 36
4000 41 42 35 49 34 4000 46 44 38 48 34
5000 39 39 39 48 31 5000 42 41 47 47 31

Driver Passenger

Frequency ELR Volt Prius SRX ECE Min. Frequency ELR Volt Prius SRX ECE Min.
160 41 42 40 42 50 160 42 44 41 45 50
200 44 46 43 45 49 200 47 45 43 46 49
250 48 45 47 46 48 250 50 47 47 47 48
315 50 49 47 45 49 315 49 49 48 46 49
400 51 49 47 49 50 400 54 50 49 50 50
500 52 49 51 51 50 500 53 52 51 53 50
630 55 53 53 56 51 630 56 55 54 56 51
800 58 56 54 56 51 800 59 58 54 56 51
1000 56 56 54 55 51 1000 57 57 54 56 51
1250 54 54 55 56 51 1250 54 55 55 56 51
1600 53 54 53 55 49 1600 53 54 53 56 49
2000 52 52 51 53 47 2000 51 50 49 55 47
2500 53 49 51 53 44 2500 50 46 47 55 44
3150 49 47 49 52 41 3150 47 45 45 55 41
4000 47 45 43 51 39 4000 44 44 40 53 39
5000 45 43 45 49 36 5000 42 40 40 52 36

Driver Passenger

Test @ UNECE @ Test @ UNECE @
10 kph 10 kph 20 kph 20 kph

VOLT 55±0.1 dBA 50 62±0.1 dBA 56
ELR 56±0.1 dBA 50 63±0.1 dBA 56
Prius 54±0.1 dBA 50 61±0.1 dBA 56
SRX 60±0.1 dBA 50 64±0.1 dBA 56

Vehicle
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Listener Testing 
Legally blind individuals were recruited to participate 
in a daylong session, evaluating detectability of the 
aforementioned vehicles within the controlled test 
environment.  

Study Design The final study design accommodated 
three within-subject factors, as illustrated below 
(Table 4). These factors included vehicle-type (4 
levels), approach speed (3 levels), and background 
noise level (2 levels). This 4x3x2 design provided 24 
unique configurations, each repeated across three 
separate trials, for a total presentation of 72 scenarios 
per data collection session.  

Table 4. 
Independent variables 

 

As noted previously, these vehicles included EVs 
with and without an additive noise component, an 
HV with an additive noise component when 
operating in electric mode, and an ICE benchmark 
vehicle. The dynamic approaching scenarios 
incorporated two levels of steady-state speeds, along 
with one where vehicles came to a stop in front of the 
participants. As such, participants were asked to not 
only identify when they detected the approaching 
vehicle, but also the point at which it was safe to 
cross. The prescribed artificial noise was examined at 
the proposed dBA level (55 dBA), as well as at a 
second, higher level. The higher level was included 
in an effort to measure expected detection reduction 
within a noisier intersection environment.   

The National Federation of the Blind (NFB) was 
involved during the study’s design stage. Their input 
helped finalize the eligibility criteria, the consent 
process, and approach scenarios. The NFB also 
assisted during the recruitment phase by distributing 
materials to applicable organizations and individuals.  

Dependent Measures The calculated distance 
between the approaching vehicle and static listener at 
the point of detection was the primary measure of 
interest. Detection distances presented within the 
upcoming results section take into account the lateral 

offset of each participant’s seated location relative to 
the vehicle path; in other words, distances are 
representative of a true straight-line distance as 
opposed to perpendicular only.  

Participants Twenty-four legally-blind individuals 
from the New River Valley and surrounding localities 
were recruited for participation in this study. 
Although specific age groups were not targeted, the 
sample was balanced by gender.  

It is important to note that the designation of “legally 
blind” does not imply complete lack of sight. 
Approximately two-thirds of the participants (67%, 
16/24) had near total vision loss, while the remaining 
participants demonstrated limited reliance on their 
remaining vision.  

Test Procedure Individuals were screened over the 
phone to determine eligibility, in this case primarily 
defined as being legally blind. Eligible participants 
attended a single daylong session at VTTI, scheduled 
in groups of four per day (six data collection 
sessions). A daylong participation session was 
required due to the number of scenarios and 
repetitions participants experienced (72 total trials). 
To combat fatigue, data collection was divided into a 
morning and an afternoon session, with lunch 
provided in between.  Breaks were offered 
approximately every hour, in addition to whenever 
requested by any participant.  

Upon arrival, VTTI experimenters guided each 
participant through the necessary paperwork, 
including the Informed Consent Form. Afterwards, 
experimenters administered a pre-drive questionnaire, 
assessing how long participants had been legally 
blind, as well as how often they crossed streets 
independently (both overall and separated by rural 
and urban environments).  

A hearing test was administered to account for each 
participant’s hearing state across frequency bands, for 
each ear independently. A Smart Tone testing device, 
manufactured by Smart Diagnostic Devices, 
presented a series of three tones across targeted dBA 
levels for each frequency examined. Participants 
were asked to press a handheld button each time they 
identified a tone, with assessments completed for 
both right and left ears. Results from the hearing tests 
were not considered for basis of exclusion from 
participating, although it should be noted that the 
initial phone screening required normal or corrected-
to-normal hearing in order to meet eligibility. Results 
of these hearing assessments are not believed to have 
had any impact on the findings, based on 
comparisons of mean detection distances relative to 
hearing test results (post hoc).  

Vehicle-Type
Approach 

Speed
Background 

Noise

1 EV, No Additive Sound Steady (10 kph)
Proposed Standard 

(55 dBA)

2
EV, GM Production 

Additive Sound
Steady (20 kph)

Alternative Level 
(60 dBA)

3
EV, Competitor 

Production Additive Sound
Slowing to a Stop 
(20 kph–0 kph)

---

4 ICE Benchmark --- ---
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Once each participant completed these pre-study 
tasks, a brief overview of the day’s schedule and 
activities was provided to the group. Following any 
questions, the participants were then transported to 
the Smart Road test site.  

Upon arrival at the test site, researchers provided a 
second overview prior to exiting the transport 
vehicle. Participants were instructed that they would 
remain seated during the evaluation, but would 
mimic pedestrians waiting to cross an intersection 
while vehicles approached. Participants were also 
asked to wear sleep shades throughout, eliminating 
any advantages provided by those with limited sight. 
Participants were asked to both identify when they 
detected an approaching vehicle by pressing and 
holding down a ‘cigar’ button, as well as when it was 
safe to cross by releasing said button. The latter 
component varied by maneuver. For cases where 
vehicles approached and passed at a constant speed, 
participants were asked to identify the safe to cross 
point when they recognized the vehicle had passed 
their seated location. Alternatively, for cases where 
the vehicle stopped directly in front of their location, 
participants were asked to indicate the safe to cross 
point at the moment they recognized the vehicle had 
stopped, under the assumption that the driver of the 
vehicle was yielding and allowing them to cross.  

Once participants understood the protocol and their 
responsibilities, the group completed six practice 
trials before continuing with the defined test 
configurations. It is important at this point to note 
that participants were instructed to detect vehicles 
approaching from both their left and right, although 
the test scenarios of interest always came from the 
participant’s left. As such, for each targeted test 
scenario, there was a second approach that was never 
included in the subsequent analysis. This approach 
ensured participants were continuously monitoring 
the environment, but more importantly, avoided any 
cueing prior to each trial of interest.  

Researchers monitored each participant’s detection 
and safe to cross identification points across the 
practice trials, and any indications of 
misunderstanding were further clarified prior to 
conducting the actual tests. Formal testing 
commenced once researchers ensured participants 
were comfortable with the protocol. Presentation 
order of the unique scenarios and multiple trials was 
randomized for half of the participant sample, with 
mirrored orders for the remaining half in an effort to 
combat order effects.  

Upon completion of the morning and afternoon 
sessions, participants were debriefed, paid $250 for 
participating, and thanked for their time.  

Instrumentation Participants were closely grouped, 
but in a staggered formation so as to minimize any 
sound interference. The approaching vehicles had 
approximately 96 m available to them, with a 
targeted ‘at speed’ cone positioned approximately 55 
m from where the participants were seated. 
Importantly, vehicle approach speed was almost 
always achieved well ahead of this marked point. 
Drivers were instructed to maintain as close to the 
prescribed speed as possible once achieved, and any 
trials outside of ±2 kph were repeated. A cone 
marking the deceleration point provided a reference 
for when to begin slowing as part of the 20 kph to 0 
kph scenario, maintaining consistency across that 
maneuver as well.  

Figure 5 and Figure 6 show the test site from both 
sides in order to provide perspective of the location 
and terrain. Trials of interest were conducted in the 
southeast direction (from the participant’s left), but, 
as mentioned previously, the site configuration 
required that vehicles travel in both directions for 
staging purposes. In order to avoid any opportunities 
for confusion or misclassification, only one vehicle 
drove through the course at any given time. Figure 7 
illustrates the close positioning of participant seating.  

 

Figure 5. Test site location during “listener” testing 
– participant and instrumentation layout. 
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Figure 6. Test site location from view of 
approaching vehicle scenarios. 

 

Figure 7. Participant and microphone positioning. 

Vehicle-Based Instrumentation A modified 
NextGen data acquisition system (DAS) provided the 
means for formal data collection. Instead of 
instrumenting each of the four vehicles 
independently, a suitcase-based DAS was positioned 
adjacent to the participants, communicating with a 
transportable Differential Global Positioning System 
(DGPS) rotated through the vehicle fleet during 
testing. The DGPS configuration consisted of a 
Novatel antennae, AvaLAN transmitter, stand-alone 
battery, and vehicle power adapter. As it transitioned 
from one vehicle to the next based on the prescribed 
scenario order, the antenna was placed on the 
vehicle’s roof near the front passenger side corner 
(point marked by a magnet). Drivers positioned the 
suitcase in the vehicle’s passenger seat, placing the 
AvaLAN transmitter on the dashboard and plugging 
it into an appropriate receptacle in order to extend 
battery life. Battery life was a critical component as it 
allowed the unit to remain on, significantly reducing 
delays that would have occurred due to the typical 
initiation period upon start-up.  

This approach allowed for continuous recording of 
base-to-vehicle distance (location accuracy within 
10cm) and speed. Calibration of the transmitter and 
receiver occurred at the beginning of each test 
session, ensuring accuracy of the recorded output. 
Based on known positions of each participant’s 
seated location with respect to vehicle path and 
location of antenna relative to the front bumper, 
accurate detection distances were calculated post-
hoc.  

Direct distance output was received as a 
perpendicular measurement based on the relative 
positioning of the vehicle-mounted antenna and the 
assigned #1 seat location. This perpendicular 
measurement was first adjusted to account for each 
vehicle’s front bumper, providing a distance 
measurement relative to the first point of “contact.” 
Corrections were thereafter applied to incorporate 
both the longitudinal and lateral position of each 
individual seat relative to the approaching vehicle, 
providing a true straight-line distance specific to each 
participant’s individual location.  

The NextGen DAS was further linked to a laptop, 
which allowed an experimenter to both monitor 
variables of interest in real time and add task codes 
per trial for simplified review and analysis. Video 
from two cameras was recorded for the duration of 
each test session for verification purposes.  

As a reminder, each participant had a hand-held 
button they were instructed to use when identifying 
their detection and safe to cross points. These 
interactions were recorded by the DAS, specific to 
each participant and trial.  

Acoustic Noise and Measurement Equipment In 
order to provide a constant, steady background noise 
for the listener testing, artificial background noise 
was generated at two levels: 55 dBA and 60 dBA. 
The noise spectrum as determined by NHTSA [2; 
page 69] is illustrated in Figure 8. 

 

Figure 8. NHTSA background noise spectrum. 

The noise was generated in Reaper, a commercially 
available digital audio workstation. The first step was 
to use a standard Reaper plugin — white noise to 
generate white, Gaussian noise. The noise was then 
filtered using a standard Reaper equalizer plugin. The 
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low frequencies required a significant boost so that 
when this signal was A-weighted, the spectrum 
would match the NHTSA profile. 

The noise signal was broadcast over five JBL 
LSR308 loudspeakers and one JBL LSR 310S 
subwoofer. As discussed previously, these speakers 
were positioned around the sides and to the rear of 
participants, creating a sound envelope within which 
the noise was evenly dispersed. All speaker output 
was routed through a Focusrite Scarlett 18i20 USB 
Audio Interface, as shown in Figure 9 (refer back to 
Figure 5 for the actual on-road arrangement).  

 

Figure 9. Noise signal instrumentation and setup. 

For recording measurements, four microphones were 
placed directly above each participant’s seated 
position (refer back to Figure 7). Four G.R.A.S. 
46AQ ½” TEDS Microphones (Omnidirectional) 
were used, with a sensitivity of 50 mV/Pa, a 
frequency range from 3.15 Hz to 12.5 KHz, and a 
dynamic range of 17 dBA to 138 dBA. This 
configuration provided accurate sound pressure levels 
and 1/3 octave band measurements throughout the 
experiment. All of this equipment was connected 
through a National Instruments cDAQ USB Data 
Acquisition Rack and a National Instruments 9234 
Analog to digital converter module connected to a PC 
running customized LabView software, which 
recorded all relevant acoustic measures for each task. 
Output was also directly routed to the DAS for 
collection in parallel with the time-stamped 
Differential Global Positioning System (DGPS) 
measurements.  

Noise verification was conducted throughout listener 
testing as well. During periods where vehicles were 
parked and not running, measurements were recorded 
and the 1/3 octave band spectra were averaged over 
all trials to determine the actual signal spectrum 
received at the microphones.  

Weather Instrumentation Due to the potential 
impact on noise and sound travel, wind was measured 
and monitored throughout testing, with max wind 
speed and direction recorded for each trial. An 
AcuRite 8-inch professional digital weather center 
was installed adjacent to the test location, providing 
accurate wind speed, wind direction, and temperature 
output, among other measurements. Prior to testing, a 
criterion of 7 mph was established as the maximum 
allowable wind speed. Potential session dates were 
frequently cancelled due to higher predicted wind 
speeds; therefore, wind speed was rarely an issue on 
days where testing occurred. However, there were 
times when testing was paused, or trials were 
repeated, due to a brief increase in wind speed.  

RESULTS 

Results presented herein focus primarily on 
comparisons across vehicle type within the targeted 
noise levels and approach maneuvers. Detection 
distances as a whole are compared directly to the 
“desired detection distances” per NHTSA’s Minimum 
Sound Requirements for Hybrid and Electric Vehicles 
[1; page 109]. These distances, specified as 5.6 m for 
the 10 kph approach and 11.1 m for the 20 kph 
approach, are included as reference points within 
forthcoming charts, where applicable. Importantly, 
these desired detection distances are indicative of a 
response achieved by a driver who is attentive and 
ready to respond with the required urgency.  

Each sample-based measurement within this section 
is accompanied by categorical assessments across 
individual responses, beyond simply examining mean 
detection distances. Specifically, these figures 
provide critical insight into cases of missed or late 
detections, a detail easily overlooked when 
considering only the distance-based averages. 
Realistically, cases where participants missed a 
detection, or detected at a close distance, indicate a 
higher potential for collision were they making a 
characteristically representative assessment within a 
real-world environment.  

Furthermore, under conditions where a detection was 
missed, in the sense that participants never indicated 
their detection of an approaching vehicle, a value of 0 
m is included within the calculated means. This 
“penalty” ultimately had little bearing on the 
relationship across the vehicle types, but arguably 
provides a more accurate numeric value when 
comparing means against the desired detection 
thresholds.  

It is also important to note that, although rare, there 
were a selected number of cases that were thrown out 
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due to unmet circumstances. These include, for 
example, cases where a detection was made before 
the approaching vehicle reached the targeted speed. 
Although efforts were made to incorporate a 
sufficient amount of run-up space for vehicles to 
achieve their targeted speed, future studies of this 
kind would benefit from adjusting the test site to 
provide for a longer approach. In general, however, 
with three repetitions of each trial, the number of 
cases impacted was relatively few. 

Detection by Vehicle & Approach Speed with 55 
dBA Background Noise 
Mean detection distances within the 55 dBA 
background noise level by vehicle for both of the 
steady-speed approach maneuvers are illustrated 
below (Figure 10). Further examination into 
differences within each individual maneuver are 
offered in the text that follows, but this figure 
provides a direct comparison of how the change in 
approach speed directly impacts detection. Across the 
sample, increasing the speed from 10 kph to 20 kph 
nets an increase of detection distances by nearly 
twofold, on average, particularly with the non-ICE 
vehicles. Importantly, mean detection distance within 
both approach speeds exceeds the NHTSA criteria 
proposed for each travel speed (5.6 m at 10 kph, and 
11.1 m at 20 kph).  

 

Figure 10. Average detection distance for 10 kph 
and 20 kph at 55 dBA. 

When focusing solely on the 10 kph approach speed, 
significance is observed across the sample (repeated 
measures ANOVA), as a clear separation emerges 
with respect to the detectability advantage provided 
by the traditional ICE vehicle (SRX) relative to its 
EV and HV counterparts (Figure 11). As indicated by 
the post hoc analysis, the SRX elicits a significantly 
greater detection advantage compared to the other 
three vehicles, none of which are significantly 
different from each other (indicated by no overlap 
across the post hoc letter values; e.g., A vs. B is 
significant, whereas A vs. A is not). That said, even 
though the ELR, with an additive noise component, 

provides a trending advantage over the Volt, with no 
noise, the differences are not significant. Again, all 
vehicles ellicited mean detection distances well 
above the NHTSA threshold.  

 

Figure 11. Average detection distance for 10 kph at 
55 dBA. 

Valid cases were binned within one of the following 
three categories: No detection (miss), Above NHTSA 
criteria (5.6 m), or Below NHTSA criteria (5.6 m). 
Breakouts by vehicles are illustrated in Figure 12. 
Combining the frequency of misses and detections 
that occurred below the 5.6 m detection criteria 
provides a metric indicative of a possible strike had 
the pedestrian crossed the road under the presented 
circumstances. Each vehicle, including the ICE 
benchmark, had at least one miss and one below-
criteria detection, respectively. The Volt drew the 
highest allocation of these qualifying cases, with just 
over 14% of all valid trials falling within this 
calculated dilemma zone, approaching nearly double 
what was observed for both the ELR and Prius. 
Although the mean detection distances failed to 
demonstrate any significant differences, these 
potential strike cases do suggest an advantage 
provided by the additive noise component.   
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Figure 12. Distribution of detection distances for 10 
kph at 55 dBA. 

Mean detection distances by vehicle for the 20 kph 
steady approach are provided in Figure 13. As noted 
previously, detection distances increase dramatically 
relative to those observed for 10 kph, which is 
indicative of the additional road noise provided by 
tires at higher speeds. The advantage held earlier by 
the ICE vehicle relative to the quieter vehicles 
disappears except for the Prius. Statistically, the Prius 
elicited significantly shorter mean detection distances 
relative to each of the other three vehicles. Notably, 
the Prius was equipped with the narrowest tires of the 
group, likely influencing these results. Regardless, 
mean detection distances for each vehicle are, again, 
well above the NHTSA minimum criteria.  

 

Figure 13. Average detection distance for 20 kph at 
55 dBA. 

Not surprisingly, the advantage of road/tire noise at 
the higher travel speed dramatically reduces the 
likelihood of a possible strike, as calculated based on 
the combined missed and below criteria cases shown 
below (Figure 14). None of the valid cases included a 
missed detection for any of the four vehicles, and the 
number of detections below NHTSA’s 11.1 m 

desired criteria ranged from a low of one for the Volt 
to a high of four for the Prius.  

 

Figure 14. Distribution of detection distances for 20 
kph at 55 dBA. 

Detection by Vehicle & Approach Speed with 60 
dBA Background Noise 
As expected, an increase in background noise 
negatively impacted detection distances. However, 
Figure 15 illustrates how trends observed across both 
the 10 kph and 20 kph steady approach scenarios 
under the 55 dBA background noise remain relatively 
stable, albeit reduced proportionally, with the 
increase to 60 dBA. Across the sample, detection 
distances fell approximately 33% for the 10 kph 
approach, with vehicle-specific reductions ranging 
from a low of 29% for the SRX to a high of 36% for 
the ELR. Similarly, the overall percentage drop in 
detection distances for 20 kph was approximately 
29%, with a low of 21% for the SRX and a high of 
35% for the Volt.  

 

Figure 15. Average detection distance between 55 
dBA and 60 dBA. 

As with the lower noise level, the overall separation 
between the ICE and the other three vehicles remains 
significant for 10 kph at 60 dBA (Figure 16). Again, 
the averages are still above NHTSA’s desired 
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detection distance, albeit reduced relative to that 
observed under 55 dBA.  

 

Figure 16. Average detection distance for 10 kph 
and at 60 dBA. 

The differences between the two ambient noise levels 
become even more apparent when examining the 
frequency of missed detections and those that fell 
below the desired criteria (Figure 17). The percentage 
of cases that fall within the possible strike zone 
increases dramatically with increased noise. The 
largest increase was observed for the ELR, with 
almost four times as many dilemma cases (7.1% at 55 
dBA vs. 28.2% for 60 dBA). Neither the Prius nor the 
SRX were far behind, increasing by 3.3 and 3.5 times 
respectively. The Volt increased by approximately 
2.9 times, resulting in the largest overall number of 
cases. Nearly 42% of all cases for the Volt under this 
scenario fell below NHTSA’s desired detection point. 

 

Figure 17. Distribution of detection distances for 10 
kph at 60 dBA. 

The trend continues for 20 kph under 60 dBA, with 
similar differences across vehicle type as observed 
under 55 dBA (Figure 18). Statistically, the SRX 
provides significantly larger detection distances 

relative to the Prius and Volt, but no other differences 
are present. Again, all mean distances remain well 
above NHTSA’s desired detection distance.  

 

Figure 18. Average detection distance for 20 kph at 
60 dBA. 

Although the number of missed cases remained low 
for the 20 kph approach, there was another dramatic 
increase in the number of detections that occurred 
below the 11.1 m criteria (Figure 19). The ELR, 
Prius, and SRX each saw increases in the number of 
possible strike cases of two to three times that 
observed under the 55 dBA configuration, but the 
number of cases for the Volt increased by nearly 13 
(1.4% vs. 18.1%).  

 

Figure 19. Distribution of detection distances for 20 
kph at 60 dBA. 

Clearly, detection distances and possible strike cases 
are negatively impacted by an increase in ambient 
noise. Not surprisingly, the louder the intersection 
environment, the greater the likelihood for conflict 
cases during crossing by visually impaired 
pedestrians.  
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Safe to Cross (Recognition of Stopped Vehicle)  
As a reminder, participants indicated their perceived 
safe to cross point following detection of the 
approaching vehicle by releasing the hand-held 
button. Interest laid primarily in their ability to 
identify that a vehicle had stopped directly in front of 
them. As such, discussion regarding this metric is 
herein limited to the scenario in which vehicles 
approached at 20 kph before gradually decelerating 
down to 0 kph, then remaining stationary for 5 
seconds before continuing.  

Based on timing relative to when the vehicle truly 
stopped, responses were categorized as follows: 
Miss, indicative of no or late responses; Early, 
indicative of a button release before the approaching 
vehicle came to a complete stop; and, While Stopped, 
indicative of a button release following vehicle stop, 
but before the vehicle moved forward again (after 5s 
stoppage).  

The timing of these button releases revealed that a 
large number of safe to cross identification points 
actually occurred before the vehicle came to a 
complete stop (Figure 20). Notably, the Prius 
demonstrated the fewest number of cases where this 
occurred, at only 11.1%, versus 33.3%, 27.8%, and 
38.9% for the ELR, SRX, and Volt, respectively. As 
in the possible strike metric discussed relative to the 
identified detection points, this early release is also 
an indicator of a potential safety concern across all 
vehicle types, not just EVs and HVs. Notably, the 
additive noise provided by the Prius is only generated 
when the vehicle is in motion. As such, when the 
vehicle came to a stop, the additive noise ceased, 
providing a valuable tool aiding in recognition of a 
vehicle stop that the other vehicles did not provide. 
This logic likely explains the advantage demonstrated 
by the Prius. 

 

Figure 20. Distribution of safe to cross recognition 
at 55 dBA. 

Not surprisingly, the number of missed responses 
increased for each vehicle under the higher noise 
level (Figure 21).  Interestingly, the distribution of 
early button releases decreased for the SRX and Volt, 
while increasing slightly for the ELR and eliciting no 
change for the Prius.     

 

Figure 21. Distribution of safe to cross recognition 
at 60 dBA. 

  

CONCLUSIONS 

The primary objective of this research effort was to 
examine appropriateness of the proposed UNECE 
test methodology for evaluating detectability of quiet 
(non-ICE) vehicles. The vehicles evaluated during 
the listener testing collectively exceeded the UNECE 
minimum by at least 4 dBA for 10 kph, and by at 
least 5 dBA for 20 kph approach speeds.  However, 
testing revealed that none of these candidate vehicle 
types, including the ICE benchmark, were immune to 
missed or late detections.  This was particularly true 
for the 10 kph approach, yet not entirely absent at 20 
kph, either.  Increasing the ambient noise within the 
test environment only exacerbated these findings.       

Notably, the observed degradation in overall 
detectability across all vehicle types dropped, by 
approximately 30%, on average, when increasing 
background noise from 55 dBA to 60 dBA. When 
evaluating mean detection distances across the 
sample, both background noise levels still elicited 
detection distances above NHTSA’s desired detection 
threshold. It is important to reiterate that this desired 
detection distance is based on the assumption that the 
driver is attentive and ready to respond in an urgent 
manner. As such, the greater the perceived detection, 
the better chance both drivers and pedestrians have at 
avoiding any potential conflict. But, as discussed, the 
mean detection distances only tell part of the story. 

0.0% 4.2% 2.8% 4.2%

33.3%

11.1%

27.8%

38.9%

66.7%

84.7%

69.4%
56.9%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

ELR Prius SRX Volt

Pe
rc

en
ta

ge
 o

f C
as

es

Categorical Distribution of Individual Cases; 20 kph to 
Stop at 55 dBA

Miss (No response/late response) Early While Stopped

(EV + Sound)     (HV + Sound)            (ICE)               (Quiet EV)

4.2%
9.7% 6.9% 5.6%

36.1%

11.1% 19.4%
16.7%

59.7%

79.2% 73.6% 77.8%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

ELR Prius SRX Volt

Pe
rc

en
ta

ge
 o

f C
as

es

Categorical Distribution of Individual Cases; 20 kph to 
Stop at 60 dBA

Miss (No response/late response) Early While Stopped

(EV + Sound)     (HV + Sound)            (ICE)               (Quiet EV)



 

Neurauter 13 

Cases of missed detections, as well as those that 
occurred below the desired detection distance, as 
anticipated, increased directly with dBA. With these 
results in mind, characterization of background noise 
levels within typical intersection environments would 
greatly benefit the appropriateness of the selected 
evaluation criteria. 

Demonstrated differences across the steady state 
approach speeds also met expectations, as tire-road 
noise increases directly with speed. Detection 
distances were vastly improved when increasing 
speeds from 10 kph to 20 kph, with reduced 
occurrences of missed or below-threshold detections. 
This increased road noise essentially eliminated 
differences in detection between the ELR and Volt 
relative to the ICE-benchmark SRX. The Prius’ 
detection difference, although still greatly improved 
from 10 kph, was significantly lower relative to the 
other three vehicles. Riding on the narrowest tires 
within the group likely contributed to this finding. 
Ultimately, these trends held relatively stable across 
both noise levels. These findings provide more 
evidence that proposed testing standards can limit 
testing to speeds at or below 20 kph.  

Results indicated difficulty in assessing when a 
vehicle comes to an absolute stop, as illustrated by 
the high percentage of early safe to cross points 
where participants believed the vehicle had stopped 
when it was, in fact, still in the act of stopping. 
Admittedly, the vast majority of these early 
classifications occurred when the vehicle was almost 
stopped, but still demonstrates a potential safety 
concern. The Prius outperformed the other three 
vehicle types, likely due to the logic behind 
presenting its additive noise feature only while the 
vehicle is in motion, as opposed to based on selected 
gear. As such, participants appeared to learn and 
benefit from an added cue specific to the Prius within 
this particular scenario.  

Ultimately, even the SRX wasn’t immune to possible 
strike cases as calculated based on missed and below-
threshold detections. This finding is indicative of an 
issue that warrants reliance upon approaches beyond 
additive noise components when working towards 
eliminating vehicle-pedestrian conflicts. Active 
safety features, such as pedestrian recognition 
features coupled with in-vehicle warnings and auto-
braking implementations, will contribute towards 
reducing these conflicts. Furthermore, as vehicles 
become more connected with each other and the 
environment, incorporating pedestrians within the 
mix will further aid in reducing conflicts by notifying 
both drivers and pedestrians of potential hazards.  

Future Work 
The findings from this study provide justification for 
the usefulness of examining additional vehicle types, 
approach maneuvers, and noise levels within the 
same general context. With such a large increase in 
detection distances from 10 kph to 20 kph, it would 
be beneficial to see where the ability to differentiate 
between the HV/EV and ICE benchmark begins to 
disappear. Furthermore, the recorded sound-based 
measurements provide an opportunity to continue 
developing and refining additive noise features, 
targeting max detectability within this controlled 
environment, while still under the assumption that 
performance translates into the real world.  

As an alternative to the controlled ambient noise, 
testing within an environment that is modeled from 
an actual intersection environment may provide more 
realistic results. This approach would entail selection 
of a candidate intersection environment, capturing 
sound recordings, and interjecting this playback 
within the controlled environment instead of using an 
ambient noise profile.  

Another avenue for future work that may provide 
long term benefit involves constructing a 
computational model that uses the results from this 
study and the development of several more 
automated detectors (e.g., spatial processing, 
filtering, matched filtering, spectral cues) to predict 
human detection performance given a vehicle drive-
by signature (as measured in the UNECE portion of 
this study).  
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ABSTRACT  

The objective of this study was to use epidemiologic, 

and infant cadaver drop test data to develop a 

probabilistic model relating probability of non-

displace skull fracture to contact velocity for infants 

aged up to 6-months.  A secondary objective was to 

verify the accuracy of mass and material scaling 

methods used in the past to develop head injury 

tolerance criteria for CRABI-6M dummy.  Infant fall 

data reported in the literature were combined with 

infant cadaver drop test data to develop a data set of 

80 head impacts.  Contact velocity for each impact in 

the data set was estimated from drop height; and head 

acceleration was estimated using pulse width from 

infant cadaver drop tests. Estimated peak head 

acceleration was related to probability of skull 

fracture. Estimated probability was compared with 

pediatric skull fracture probabilities reported in 

literature.  The curve relating contact velocity with 

linear skull fracture has the form  

 

P = e (-6.5199 + (1.5658V
c
)) / (1+ e (-6.5199 + (1.5658V

c
))) 

 

Where Vc is the contact velocity, which in this study, 

ranges from 1.7 m/s to 4.9 m/s.  Probabilities 

estimated in this study agree with previously reported 

values thus validating the calculation procedures 

used in this study. 

 

INTRODUCTION 

Falls and motor vehicle accidents are an important 

cause of pediatric Emergency Department (ED) visits 

(Marin, et al. 2014).   However, there is a lack of 

information about tolerance levels for various types 

of head injuries in infants. Traditionally, cadaver 

tests have been used to relate head impact injury 

caused by a fall.  However, societal and ethical 

concerns have restricted pediatric cadaver testing.   

 

Limited isolated infant cadaver head testing has been 

conducted by Prange, (2003) and Loyd, (2011).  

They dropped isolated infant cadaver heads onto a 

rigid plate. Weber, et al. (1984, 1985) conducted full 

body child cadaver drop tests.  They dropped 

uninstrumented cadavers onto rigid, and padded 

surfaces.  All children dropped onto rigid surfaces 

sustained simple linear skull fractures.  

 

Two recent reports (Ruddick, et al. (2009) and 

Monson, et al. (2008)) discuss infant in-hospital falls.  

These authors reported on infant fall onto rigid 

hospital floors from heights ranging from 0.5m to 

1.2m.  Ruddick reported a number of linear skull 

fractures whereas Monson indicated that that only 1 

of the 14 infants sustained a skull fracture. Presence 

or absence of skull fracture was not confirmed in all 

cases in both studies. 

 

Snyder et al (1963, 1977) documented falls from 

heights up to 11m in an attempt to estimate the 

relationship between injury severity, fall height, and 

type of contact surface.  They used a combination of 

detailed medical and scene investigation, and 

computer modeling to relate fall heights and injury 

for free falls on to surfaces of varying stiffness. 

 

Outcomes of falls in the pediatric population has 

been studied either through retrospective studies of 

hospital admissions (Ibrahim, 2009) or using finite 

element models (Coats, 2003, Ibrahim, 2009, 

Klinich, 2002, Roth, 2008) or through dummy drop 

tests (Bertocchi, et al. (2003 and 2004), Coats, 2003).  

 

Li, et al. (2015) developed a finite element model to 

analyze falls reported by Weber (1984, 1985).  They 

related peak head linear acceleration to probability of 

skull fracture.  Van Ee, et al. (2009) conducted drop 

tests using CRABI (Child Restraint – Air Bag 

Interaction) 6-month old dummy to reproduce 

Weber’s drop tests.  They developed a curve relating 

peak head acceleration to probability of pediatric 

skull fracture.  The fall height in both these studies 

was set at 0.81m to match the Weber’s (1964, 1985) 

study. 
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Rangarajan, et al. (2013) noted that pulse width of 

adult cadaver head impacts is very weakly related to 

drop height for a given contact surface. The drop 

height in these tests varied from 0.6m to 2.1m.  This 

increase of 250% in drop height caused 

approximately 7% decrease in the pulse width.  They 

used this observation to calculate peak head 

acceleration of one child brought to the ED with a 

simple linear skull fracture.     

 

Infants sustain head injury from falls and in motor 

vehicle accidents and there is a need to evaluate 

probability of skull fracture from both these 

causes.  Prior efforts have related peak head linear 

acceleration, which is a dependent variable, with 

probability of skull fracture. Rangarajan (2017) 

related scaled peak head acceleration of a 

biofidelic infant dummy head to fracture 

probability at three discrete fall heights 

(proportional to contact velocities).   Li, et al 

(2015) and van Ee (2009) related skull fracture 

probability to peak head acceleration at a fixed fall 

height (proportional to contact velocity).  To our 

knowledge, a continuous curve relating probability 

to skull fracture for various contact velocities (fall 

heights) is not available at present.   

 

Additionally, relations between probability of 

fracture and head acceleration require that tests be 

conducted with dummies or cadavers before such a 

relation can be developed.  Head acceleration is a 

dependent variable in an impact in the sense that 

impact causes head acceleration.  However, in 

many cases of falls and motor vehicle accidents, it 

is not too difficult a task to estimate contact 

velocity which is an independent variable.  A 

probability relationship between skull fracture and 

an independent variable will be a very useful tool 

allowing researchers to develop initial estimates of 

skull fracture probability without having to 

conduct tests or to develop and exercise 

complicated models.     
 
In this paper, we estimate peak linear head 

acceleration using the procedure described by 

Rangarajan, et al. (2013) for infant fall cases 

available in literature.  Literature used in this study 

listed the fall height, and described contact surface 

and consequent injuries in each fall.  We then related 

the peak head accelerations to moderate head injuries 

(non-displaced skull fractures) through a probability 

curve.  Both fracture and non-fracture cases available 

in literature for impacts against a rigid surface were 

used in our analysis. The relationship between 

probability of skull fracture and peak head 

acceleration was then converted to relationships 

between probability and contact velocity and / or fall 

height using procedures developed by Rangarajan 

(2013).  

 

METHODS AND MATERIALS 

 

Our objective is to develop a probabilistic 

relationship between contact velocity (related to fall 

height) and simple linear skull fracture in infants (age 

≤ 6 months) for falls onto rigid surface. The process 

of development of the probability relationship was 

divided into the following steps: 

 

1. Develop a formula relating head contact velocity 

and fall height. 

2. Obtain Pulse Width for infant falls onto rigid 

surfaces from Loyd (2011).  Pulse Width is 

defined as the difference in time between the 1st 

contact of the head with the rigid surface and the 

beginning of the first rebound.  During this 

period, the head deceleration goes from zero to 

maximum and goes back to zero.  A typical head 

impact pulse and pulse width are shown in Fig. 

1. 

3. Develop a list of infant fall cases described in 

literature where the falls surface was rigid and 

fall heights and outcome injuries were known. 

4. Estimate peak head accelerations for all study 

cases and relate measured and estimated 

accelerations to probability of simple linear skull 

fracture.  Procedure used by Rangarajan, et al. 

(2013, 2017) was used to estimate peak head 

acceleration.   

 

Details of the four steps are provided below. 

Calculation of head contact velocity 

Neglecting air friction, contact velocity “Vc in m/s” 

of the head at the end of a fall of “h” meters under 

gravitation forces is given by  

𝑣 = √2gh     (Equation 1) 

Where “g” is the gravitational constant and has a 

value of 9.81 m/s2 

Obtain pulse width for infant cadaver isolated 

head drop tests 

Loyd (2011) and Prange (2004) conducted a number 

of infant cadaver head drop tests from 0.15m and 

0.3m heights.  The average Pulse Width (PW) in 

Loyd’s tests was 17 ms for forehead drops onto rigid 

surfaces for the age group of interest (0 ≥ age ≥ 6 
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months).  Analysis by Rangarajan, et al. [2017] 

established that: 

 

 It is appropriate to use the forehead drop test 

pulse width for infant falls where Vertex, 

Occiput, and left and right parietes make 

first contact with a rigid surface for the 

velocities of interest in this study. 

 It is appropriate to use pulse widths from 

isolated head drop tests for full body falls in 

dummies similar to Aprica 2.5 infant 

dummy.     

 

Pulse width average of 17.26 ms calculated in 

Rangarajan [2017] will be used in this study. 

 

Estimate peak head acceleration 

 

We used the Impulse-Momentum theorem which is 

obtained by rearranging terms in Newton’s second 

law of motion (Force = Mass * Acceleration).  If 

force F applied to a body of mass M causes a change 

in velocity ∆V during time T, then, Newton’s second 

law can be stated as follows: 

 

𝐹 ∗ 𝑇 = M ∗ ∆V                                (Equation 2) 

 

Or, Impulse = Change in Momentum 

 

Substituting (Force = Mass * Acceleration), we 

obtain  

 

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =  ∆V/Time               (Equation 3) 

 

When a head contacts a rigid surface, it starts 

decelerating till its velocity is zero.  Deceleration 

reaches a maximum value when the head velocity is 

zero.  Most damage to the head occurs during this 

deceleration or loading phase when head velocity 

goes its initial velocity to zero.   

 

To simplify calculation, we can assume that the 

deceleration – time curve is triangular in shape.  This 

assumption is supported by Fig. 1 which shows a 

reconstruction of measured head acceleration profile 

from one of Loyd’s (2011) infant cadaver head drop 

tests.  It is seen that during the loading phase, 

acceleration increases linearly from zero (at the time 

the head contacts the surface) to a maximum value 

approximately midway through the pulse width.  For 

this shape of deceleration pulse, the average 

acceleration is ½ of the peak value.  So, we can 

assume that a constant acceleration (average 

acceleration) is applied from the time the head 

contacts the surface to the end of loading phase 

midway through the pulse width.  Equation (3) now 

reduces to: 

 

 

 

 

 

 

 

Figure 1: Cadaver head drop test from Loyd 

 

𝑃𝐻𝐴 = 2 ∗ Vc/(0.5 ∗ 𝑃𝑊) (Equation 4) 

𝑃𝐻𝐴 = 106.2 ∗ √h                (Equation 5) 

Where: 

PHA = Peak Head Acceleration in G, m/s2. 

 

PW = Pulse width in milliseconds, as shown in Fig. 

1. From Loyd’s data, we determined that PW 

averages to 17ms for infants (age ≤ 6-months) for 

0.15m and 0.3m fall heights. 

 

h = height in meters. 

 

Obtain infant fall data from literature 
 

We used data from Loyd (2011), Monson (2009), 

Rangarajan (2013), Ruddick (2008), and Weber 

(1984, 1985) to develop a probability curve relating 

PHA and Probability of moderate skull fracture.  

Data used to develop the probability curve are 

summarized in Tables 1 and 2. 

 

Loyd (2011) listed drop height and measured head 

peak acceleration for each test.  Weber (1984, 1985) 

dropped uninstrumented child cadavers onto rigid 

and non-rigid surfaces from a fixed height (81 cm) 

and we calculated peak head acceleration using 

Equation 5.  Monson, et al. (2008) and Ruddick, et al.  

(2009) listed drop heights and we calculated peak 

head accelerations using Equation 5.  Rangarajan, et 

al (2013) provided drop height and peak head 

acceleration (Please note that there was a calculation 

error in Rangarajan (2013), the corrected peak head 

acceleration is presented in this table).   
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Monson (2008), Rangarajan (2013), Ruddick (2009), 

and Weber (1984, 1985) provided details of injuries. 

Ruddick (2009) reported that a number of subjects in 

her study were not scanned and they are not included 

in this analysis.  Similarly, patients who were not 

scanned in the Monson (2008) study are not included 

in this analysis.  In addition, one patient in the study 

sustained a depressed fracture. No further 

information was available, so this infant was not 

included in the analysis.   

Loyd (2011) conducted 5 drop tests from 2 drop 

heights (0.15m and 0.3m) on 7 subjects within the 

age group we are considering (0 - 6months).  In these 

70 (7*5*2) tests, he reported one parietal fracture of 

neonate (subject P12M).  Peak head acceleration data 

from all 70 tests were used in the analysis.   

 

Table 1: Data used to develop probability of AIS2 

skull fracture relationship with peak acceleration 

 

Data 

source 

Injury  Description from data 

source 

# of 

tests 

L Parietal fracture. Subject P12M, 

0.15m drop 

1 

L No fracture. Tests with subjects 

P03M, P05F, P06M, P07M, 

P08M, P12M and P13F. 

69 

Ra Simple linear parietal fracture 1 

Ru No clinical signs, right parietal 

fracture 

1 

Ru No clinical signs, left parietal 

fracture 

1 

Ru No clinical signs, right parietal 

fracture, ultrasound normal. 

1 

Ru Swelling in left parietal areas, left 

parietal fracture, ultrasound 

normal 

1 

Ru Traumatic encephalopathy, right 

fronto-parietal fracture, cerebral 

contusion 

1 

Ru No imaging, no clinical signs 1 

Ru No imaging, no clinical signs 1 

Ru No imaging, no clinical signs 1 

Ru No imaging, no clinical signs 1 

Ru No imaging, no clinical signs 1 

Ru No imaging, no clinical signs, 

bruise over temporal bone 

1 

We Simple linear fracture 1 

M No fracture, no scan 1 

M No fracture, no scan 1 

M No fracture, no scan 1 

M No fracture, no scan 1 

M No fracture, CT Scan 1 

M No fracture, skull radiograph 1 

M No fracture, no scan 1 

Data 

source 

Injury  Description from data 

source 

# of 

tests 

M No fracture, skull radiograph 1 

M No fracture, no scan 1 

M No fracture, skull radiograph 1 

M No fracture, skull radiograph 1 

M No fracture, no scan 1 

M No fracture, no scan 1 

M No fracture, no scan 1 

 

Table 2: Continuation of Table 1 

Data 

source 

# of 

tests 

Fall 

Height, 

m 

Peak head 

acceleratio

n Estimated 

(E) or 

measured 

(M), G 

L 1 0.15 41, M 

L 69 0.15 

and 0.3 

26 to 112,  

M   

Ra 1 1.3  120, E 

Ru 1 0.5 75, E 

Ru 1 1.0 106, E 

Ru 1 0.5 75, E 

Ru 1 0.5 75, E 

Ru 1 1.2 116, E 

Ru 1 0.8 95, E 

Ru 1 1.0 106, E 

Ru 1 0.5 75, E 

Ru 1 0.5 75 

Ru 1 0.5 75 

Ru 1 0.5 75 

W 1 0.81 96, E 

M 1 0.8 – 

1.1 

111 E 

M 1 0.8 - 1.1 111 E 

M 1 0.8 – 

1.1 

111 E 

M 1 0.8 – 

1.1 

111 E 

M 1 0.66 87E 

M 1 0.30 59 E 

M 1 0.91 102 

M 1 1.09 111 

M 1 1.01 107 

M 1 0.81 96 

M 1 1.09 111 

M 1 0.91 102 

M 1 1.09 111 

M 1 0.91 102 

 

Keys to Column 1 (Tables 2&3):  

1. L = Loyd,  
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2. Ra = Rangarajan,  

3. Ru = Ruddick,  

4. M = Monson,  

5. W= Weber 

 

In Tables 1 and 2, we have included all cases 

reported by Ruddick (2009) and Monson (2008) 

including infants who were not scanned.  However, 

we included in our analysis only cases where 

presence or absence of skull fracture was confirmed 

by scans.  We decided not to include Monson and 

Ruddick cases without scans for the following 

reasons: 

 

 All other cases reported included scans to 

confirm skull fracture. 

 Distribution of unscanned cases indicates 

that roughly the same numbers, about 8, 

would be included in the analysis above and 

below the 50% probability level.  Thus, the 

distribution would not be very different 

from the one where no unscanned data were 

included.   
 

RESULTS 

 

We used data from Loyd (2011), Monson (2008), 

Rangarajan (2013), Ruddick (2009), and Weber 

(1984, 1985) to develop a probability curve for 

moderate skull fracture.  The probability curve 

developed is shown in Fig. 2. 

 

Figure 2: Probability of AIS 2 head skeletal injury 

related to peak head acceleration 

 

The equation of the probability curve is 

 P = e (-6.5199 + (0.06528*PHA)) /( 1+ e(-6.5199 + (0.06528*PHA))   

(Equation 6) 

Where PHA = Peak Head Resultant Acceleration 

from Equation (5).  

Substituting for PHA in Equation (6) results in 

Equation (7) that relates contact velocity and 

probability of moderate skull fracture. 

P = e(-6.5199+(6.93*√(fall height)) /( 1+ e(-6.5199+(6.93*√(fall height))) 

(Equation 7) 

Estimate of injury probability obtained from this 

curve is similar to previously reported estimates as 

seen in Table 4. 

 

For easier comprehension, Table 3 below reproduces 

data from Fig.2.  The second column shows the 

probability for each head acceleration listed in the 

first column.  Columns 3 and 4 show the estimated 

contact velocity and estimated fall height 

respectively for the level of head acceleration listed 

in Column 1 by applying Equations 4 and 5. 

  

Table 3: Height of fall, Contact Velocity, Peak 

Acceleration and Skull fracture probability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison of current study results with 

literature 
 

In the past, Mertz et al. [1986], Melvin [1995], 

Klinich [2003], van Ee et al. [2002], Coats [2002], 

and Li et al. [2015] have used various processes to 

relate head peak acceleration to probability of skull 

fracture.  Results of our study are compared to the 

results of these studies to evaluate the 

Estimated 

Peak 

Head 

Accel,      

m / s2 

Skull 

Fracture 

Probability 

Estimated 

contact 

velocity, 

m/s 

Est. 

Fall 

Height, 

m 

41 0.02 1.72 0.15 

58 0.06 2.42 0.3 

75 0.17 3.13 0.5 

101 0.51 4.20 0.9 

106 0.60 4.42 1 

116 0.74 4.85 1.2 

121 0.80 5.05 1.3 

130 0.88 5.42 1.5 

184 1.00 7.47 3 
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appropriateness of our methodology.  This 

comparison is presented in Tables 4 and 5. 

 

 

 

 

Table 4: Comparison of study estimates with 

literature values

 

Sou

rce 

Risk 

level  of 

skull Fx 

Process Drop 

Heig

ht 

Repo

r-ted 

Con-

tact 

Sur-

face 

     

Mz,  5% Scaling 

mass and 

material 

properties 

N/A N/A 

Me 5% Scaling 

mass and 

material 

properties 

N/A N/A 

K 50% Finite 

element 

model. 

Crash test 

N/A N/A 

V 50% CRABI 

drop tests. 

Vary 

contact 

surface 

0.8m Stone 

tile, 

carpet 

C 50% Finite 

element 

model 

  

L 5% Finite 

element 

model. 

Varied 

contact 

surfaces 

0.8m Stone 

tile, 

carpet 

L 50% Finite 

element 

model. 

Varied 

contact 

surfaces 

0.8m Stone 

tile, 

carpet 

Sou

rce 

Risk 

level  of 

skull Fx 

Process Drop 

Heig

ht 

Repo

r-ted 

Con-

tact 

Sur-

face 

     

Cu 5 Algebraic 

formula – 

current 

study 

0.15 

m to 

1.2m 

Rigid 

steel 

plate 

Cu 50% Algebraic 

formula – 

current 

study 

0.15 

m to 

1.2m 

Rigid 

Steel 

plate 

     

 

Table 5: Continuation of Table 4 

 

Source Acceleration 

 Newborn 6-month old 

Mz,   156 

Me 69 67 

K  85 

V  82 

C 29-35  

L 84 93 

L 119 127 

Cu 55 

Cu 101 

 

Key to Column 1 (Tables 4&5): 
1. Mz = Mertz, et al (1986) 

2. Me = Melvin (1995) 

3. K = Klinich, et al (2003) 

4. V = van Ee et al (2002) 

5. C = Coats (2007) 

6. L = Li et al (2015) 

7. Cu = Current study 

 

The probability curve in Fig. 2 and data in Tables 4 

and 5 indicate that our estimates are close those 

provided by other researchers. However, previous 

probability curves (Li, (2015), Van Ee (2009)) have 

been constructed with data from one fall height.  Our 

probability curve is designed to handle all fall heights 

up to 1.2m and directly relates level of injury to fall 

height and contact velocity.  To the best of our 

knowledge, this is the only effort, apart from that of 

Snyder (1977) to relate fall heights to injury 

severities.  Subjects in Snyder’s study generally fell 

more than 3m and the youngest subject was 13 month 

old. 
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CONCLUSIONS 
 

1. A probability curve constructed using a mixture 

of estimated and measured peak head 

accelerations for falls less than or equal to 1.2 m 

is comparable with those constructed using 

complex finite element models and dummy drop 

tests.  Thus, it seems feasible to use the proposed 

algebraic formula to estimate skull fracture 

probability for contact velocities less than 4.3 

m/s.  

2. Finite element models yield very detailed 

information about the fracture, and response of 

the brain that is not provided by the proposed 

algebraic model.  However, finite element 

models of child head require a large amount of 

data to define the geometry of the head, and 

material properties of the brain, skull, scalp, and 

sutures.  It has been hard to generate these data 

given restrictions in child cadaver and child 

cadaver tissue testing. 

3. Instrumented dummies are generally expensive 

and testing with them requires expensive 

ancillary equipment such as data acquisition 

hardware and software.  Dummies also require 

periodic calibration using specialized equipment.  

So, both dummy testing and finite element 

models require more effort than most busy 

medical centers can afford to invest.  We are 

hopeful that the simple analytic procedure 

discussed in this paper will encourage 

researchers to collect data from a large number 

of fall cases that come to the ED.  Since the 

proposed model requires only 2 pieces of 

information from patients – fall height and a 

detailed list of injuries on the first visit to ED, 

we are hopeful that more researchers will collect 

information about a lot of falls thus making the 

proposed model more robust.  Such a robust 

model can be used by finite element modelers to 

refine their models and conduct in-depth 

investigations into the effect of falls.  

4. Linear acceleration of the CG of the head which 

is the output of the proposed model is related 

arithmetically to angular acceleration and 

angular velocity of the head by the formula: 

Head angular acceleration = Head linear 

acceleration / radius of rotation.  Center of 

rotation in infants is not known but it has been 

estimated to be around C2, or about 1/4 the 

length of the neck. This simple formula can be 

used to relate intracranial injuries to angular 

acceleration in a large number of cases thus 

forming the basis of an investigation into the 

effect of impact on MTBI and TBI.   

5. This work verifies the appropriateness of 

material and geometric scaling techniques 

proposed by Melvin (1995)  

6. The analytic method used in this study can be 

expanded to older children and used to design 

better pedestrian head impact protection for 

children.  

7. These results provide guidance for the 

development of test devices to model child head 

impact and a reduction in the need for child 

cadaver tests.   

 
Limitations 
 

1. The proposed probability curve does not separate 

effects of falls onto various parts of the head.  

However, analysis presented in Rangarajan 

(2017) indicates All impacts used in this study 

are against rigid surfaces.  There is a need to 

extend this work to other surfaces such as seat 

back cushions, carpets, soil, etc.   

2. The procedure used assumes that deceleration of 

the rest of the body does not significantly affect 

peak linear deceleration of the infant head.  

While this is true of the Aprica 2.5 dummy 

(Rangarajan, et al (2017)), it may not be 

applicable to live infants.   
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ABSTRACT 

 

Objective evaluation (OE) methods provide quantitative insight into how well human body models (HBMs) 

predict a biomechanical response.  Two techniques for this purpose are CORA and the ISO/TS 18571 

standard.  These ostensibly objective techniques have differences in their algorithms that may lead to 

discrepancies when interpreting model performance.  The objectives of this study were 1) to apply both 

techniques to a biomechanical dataset from a HBM, and compare the scores and 2) conduct a survey of subject 

matter experts (SMEs) to determine which OE method compares more consistently with SME interpretation.  

The GHBMC average male HBM was used in five simulations of biomechanics experiments, producing 58 

time history curves.  Because both techniques produce phase, magnitude, and shape scores, 174 pairwise 

comparisons were made.  ISO had lower average scores for each component rating metric than CORA, 

indicating a stricter evaluation.  Correlations between CORA and ISO were strongest for phase (R
2
=0.66) and 

weakest for shape (R
2
=0.27).  Statistical analysis revealed significant differences between the two OE methods 

for each component rating metric.  SMEs (n=40) were then surveyed to provide  intuitive scoring of how well 

the computational traces matched the experiments.  SME interpretation was found to statistically agree with 

the ISO shape and phase metrics, but was significantly different than the ISO magnitude rating.  SME 

interpretation agreed with the CORA magnitude rating.  The finding of the study suggests a mixed approach to 

reporting objective ratings, using the magnitude method in CORA and the ISO shape and phase methods.  



 

Davis 2 

INTRODUCTION 

 

The use of computational modeling has become an 

important aspect of the development process in the 

automotive and defense industries.  Prior to 

production, products are often tested using a variety 

of computer programs to evaluate their performance.  

These simulations evaluate aspects of the design 

process ranging from structural crash-worthiness [1] 

to occupant protection and injury risk mitigation [2].  

A growing component of these types of analyses 

includes the use of computational human body 

surrogates.  These simulations can include a variety 

of models, such as rigid body models [3], 

anthropomorphic test devices (ATDs) [4], or full 

human body models (HBMs) [2,5].  Due to the 

reduced cost of running these simulations, as well as 

the large amount data that can extracted from them, 

these types of simulations offer a valuable 

supplement to physical testing.  However, in order 

for these models to yield meaningful data, they must 

be carefully validated.  How closely a model matches 

an experiment is a key piece of information for 

modelers.  For example, HBMs are commonly 

compared against mean response and corridor 

biomechanical data obtained from Post-Mortem 

Human Subject (PMHS) testing [6].  For the sake of 

validation, a quantitative comparison that leads to an 

unambiguous interpretation of the model 

performance, taking into account the biological 

variation of specimens, is paramount when 

characterizing the biofidelity of a model.  These 

objective comparisons offer a robust means of 

evaluating the performance of a model throughout the 

course of development. 

 

Objective Evaluation (OE) methods seek to replace 

the subjectivity inherent in the validation process 

with a numerical score that provides quantitative 

insight into how well a human surrogate predicts a 

biomechanical response.  While there are many 

techniques for this purpose [7-9], two commonly 

applied methods are Gehre et al.’s CORA software 

[10] and the ISO/TS 18571 standard [11].  The 

advantage of these techniques is that they evaluate 

individual components of the curve to provide a more 

complete comparison of time-history signals.  While 

both techniques evaluate similar aspects of the 

signals, there are several differences between the 

inherent algorithms of the methods that can lead to 

different interpretations of the results.  It is important 

to understand how these differences can be 

interpreted and the effect they can have on model 

validation.  While these techniques are broadly used 

[2,12,13], they have not been directly compared. 

 

As such, the objectives of this study are two-fold: 1) 

compare the results of CORA and ISO/TS 18571 OE 

techniques applied to a set of biomechanical data 

derived from a human body finite element model, and 

2) conduct a survey of subject matter experts (SMEs) 

to determine which of these OE methods, if either, 

compares more consistently with SME interpretation.  

The goal of this work is to evaluate how results from 

these techniques can influence the interpretation of 

model validity, and if these interpretations agree with 

real world expert interpretation. 

 

METHODS 

 

The Global Human Body Models Consortium 

(GHBMC) average male occupant (M50-O v4.4) 

finite element model was selected for use in this 

study.  The model was developed based on a multi-

modality medical image and external anthropometry 

dataset of a volunteer representing a 50
th

 percentile 

male in terms of height (174.9 cm) and weight (78.6 

± 0.77 kg).  The development and application of this 

dataset was described by Gayzik et al. [14].  Once 

developed, the model underwent validation 

simulations at both the regional [15-18] and full body 

levels [19-21].  More information on the 

development of the model can be found in the 

GHBMC M50-O user’s manual [22]. 

 

Simulations 

 

To obtain outputs representing a range of impact 

conditions and directions, the model was run through 

five simulations representing physical biomechanics 

experiments.  These simulations consisted of both 

localized, rigid hub impacts and full body sled cases.  

The rigid hub simulations included an oblique 

thoracoabdominal impact [23], a frontal abdominal 

impact [24], and a lateral pelvis impact [25].  The full 

body sled cases represented a lateral impact into 

fixed steel plates [26,27] and a frontal sled test 

configuration [28].  All simulations were run using 

LS-Dyna v6.1.1, rev. 78769 on a Linux Red Hat 6 

high performance computing system (the Distributed 

Environment for Academic Computing, or DEAC 

cluster) maintained at Wake Forest University. 

 

The thoracoabdominal impact employed a 23.4 kg 

cylindrical hub impactor with a 15 cm diameter and a 

nominal impact velocity of 6.7 m/s [23].  The impact 

location was 7.5 cm below the xipohoid process at 

60° from anterior.  Model data were compared to the 

mean experimental force vs. time signal in order to 

evaluate the OE techniques. 
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The abdominal impact consisted of a 2.5 cm 

diameter, 48 kg bar impacting at 6.0 m/s.  This was a 

free-back impact occurring at the level of the 

umbilicus (approximately L3) [24].  The force of the 

impact was measured as the contact force of the rigid 

bar.  Model data were compared to the mean 

experimental force vs. time curve. 

 

The pelvic impact simulated a square-faced impactor 

weighing 16 kg impacting with 800 J of energy. This 

required giving the impactor a 10 m/s velocity 

normal to the sagittal plane.  The pelvis impactor 

contacted the trochanter and iliac crest at 90°, 

according to the literature [25].  Similar to the other 

rigid impact simulations, the contact force of the 

impacting plate was used to obtain force data.  This 

contact force was compared to the mean experimental 

force vs. time curve to facilitate OE technique 

comparison. 

 

The lateral sled test was modeled as a 6.7 m/s impact 

using a Heidelberg-type sled [26,27].  The impact 

environment included a flat rigid wall as a backrest, a 

Teflon seat, and five rigid impacting plates located at 

the shoulder, thorax, abdomen, pelvis, and knee.  

Torso forces were obtained as the sum of the 

shoulder, thorax, and abdomen forces.  The pelvis 

force was measured as the contacting force at the 

pelvis plate.  For both the torso and pelvis outputs, 

the model responses were compared to the mean 

experimental force vs. time data. 

 

The frontal sled case was modeled as per Shaw et al. 

[28].  This simulation represented a frontal impact 

with on overall change in velocity of 40 kph.  The 

simplified buck used in the simulation was modeled 

as a rigid body.  Belt properties were developed to 

match experimental conditions (26 kN of force at 7% 

strain) and no pretensioners or load-limiters were 

included.  A foam knee bolster was also included to 

restrict motion of the lower extremities in the model.  

Prior to simulation, the model was gravity settled for 

100 ms to obtain realistic flesh contours within the 

buck.  With regards to outputs, both kinetic and 

kinematic responses were obtained for comparison to 

experimental values.  With the exception of chest 

deflection data, all kinematics were reported in the 

global coordinate system.  Reaction forces at the knee 

bolster and foot rests were also recorded in the global 

coordinate system and then transformed into a local 

coordinate system per the literature [29].  Resultant 

belt force data were obtained to represent the 

responses of the upper and lower shoulder belt and 

the outer lap belt.  All data extracted from the model 

were compared against the average of experimental 

PMHS tests [28]. 

Objective Evaluation 

 

While the model validity and accurate representation 

of the described biomechanical simulations is 

paramount, the goal of this study is to see how, when 

presented with identical comparison cases, the CORA 

and ISO techniques interpret model performance.  To 

facilitate this comparison, all model data were output 

in binary files from LS-Dyna and were recorded at a 

sampling rate of 10 kHz.  Post-processing of the data 

was performed in OASYS T-His (Ove Arup 

SYStems, Solihull, UK) and Matlab R2013 

(MathWorks, Natick, MA).  Force data were filtered 

using an SAE CFC 600 filter and kinematic data were 

not filtered. 

 

In order to effectively source discrepancies between 

the two OE techniques, it is important to understand 

how each component of the rating metric is 

calculated.  Detailed descriptions of the algorithms 

for each technique can be found in the literature 

[30,31].  However, as a foundation for comparison, 

each component of the CORA and ISO techniques is 

briefly described. 

 

CORA 

 

The CORA rating metric is a set of algorithms 

comprised of two independent sub-rating schemes: a 

corridor score and a cross-correlation score [10].  A 

complete description of this technique can be found 

in the literature [30].  The software was developed to 

calculate the level of correlation between two non-

ambiguous signals and return a total score ranging 

from 0 to 1, where a 1 would indicate good 

correlation and a 0 would be a poor match based on 

defined tolerances.  The default settings as 

recommended by the software provider were used in 

this analysis, with the exception of the phase interval, 

which is described below. 

 

The corridor rating is designed to evaluate the 

deviation between the signals using a set of fixed-

width or user-defined (i.e. experimentally reported) 

inner and outer corridors.  If the model curve is 

within the inner corridor, the resulting score is a 1.  If 

the model curve falls between the inner and outer 

corridor, the result is between 0 and 1 based on an 

interpolation score.  If the signal is outside of the 

outer corridor, the result is a 0.  While this technique 

gives a valuable global picture of model 

performance, a disadvantage of this approach is that 

phase differences between the model signal and the 

experimental data can lead to poor scores. 
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The cross correlation method analyzes three aspects 

of the signal in order to reduce the relative 

disadvantages of using only the corridor score: phase, 

shape, and magnitude.  First, the algorithm attempts 

to eliminate differences in phasing by shifting the 

model curve by multiples of Δt.  Then, for each 

shifted state, the program calculates a cross-

correlation value.  The maximum cross-correlation 

over a user defined range of allowable time shift is 

then used as a basis for determining the three 

components of the cross-correlation rating.  For 

calculating the phase rating, if the model signal was 

shifted less than a user defined minimum, the rating 

receives a score of 1.  If the curve is shifted more 

than a specified maximum, the score is zero.  For 

phase shifts between the specified minimum and 

maximum, the score is determined based on a 

regression relationship.  Following the time shift, the 

magnitude rating is computed by comparing the 

square of the areas between the curves and the time 

axis.  The final magnitude rating is then determined 

as a ratio between the two areas raised to a user 

defined exponent.  Lastly, the shape rating of the 

signal is calculated using the maximum cross-

correlation value. 

 

ISO Metric 

 

Similar to CORA, the goal of the ISO metric was to 

combine a number of different rating metrics to 

robustly evaluate the correlation between two signals.  

Initially, the ISO established technical committee 

evaluated the CORA corridor technique and the Error 

Assessment of Response Time Histories (EARTH) 

[32] techniques to combine a corridor and cross 

correlation rating.  Ultimately, the committee 

established an overall metric based on the CORA 

corridor algorithm, and an updated version of the 

EARTH score referred to as the Enhanced EARTH 

metric (EEARTH) [31]. 

 

Similar to the CORA cross-correlation metric, the 

total EEARTH rating is built on the individual phase, 

magnitude, and shape components.  However, while 

the general components of the EEARTH metric are 

similar to CORA, there are unique features within the 

algorithms that differentiate the two.  The phase 

metric of the EEARTH rating is used to assess phase 

lag between the model and test curves.  Using a pre-

defined maximum allowable percentage time-shift, 

the model curve is iteratively shifted left with 

discrete time step intervals and the cross-correlation 

between the truncated curves is calculated.  Next, the 

test curve is shifted left over discrete time step 

intervals and the same calculation is performed.  If 

the time shift is greater than or equal to the maximum 

allowable time shift, the score is 0.  If the maximum 

cross-correlation value occurs with no time shift, the 

score is 1.  For time shifts in between these values, 

the rating is calculated using a regression method 

[11,31].  The time shifted and truncated curves are 

then used to calculate the magnitude score. 

 

Similar to CORA, the EEARTH magnitude rating 

measures differences in amplitude between the two 

curves.  However, the EEARTH magnitude rating 

applies a dynamic time warping (DTW) algorithm 

prior to measuring discrepancies between the signals.  

The function of DTW is to expand and compress the 

time axis to align key components of the curve (such 

as local maxima and minima).  This is all based on 

minimizing a local cost function [31].  Once the 

curves have been shifted, truncated, and warped, the 

magnitude error is calculated as a ratio of the 

difference in amplitude between the two signals 

based on a vector norm calculation.  If the difference 

between the signals is less than the pre-defined 

threshold, the magnitude rating is 1.  If the amplitude 

difference is greater than the maximum allowable 

magnitude error threshold, the score is 0.  For values 

in between, the score is calculated using a regression 

function. 

 

Lastly, the shape rating is calculated based on the test 

curve and the shifted, truncated model curve with no 

DTW applied.  The two curves are divided into time 

intervals and the average slope is calculated at each 

interval.  The shape score is then determined by 

calculating the ratio of the difference in slope 

between the model and test curves to the test curve.  

If there is no difference between the model and test 

curve, the shape score is 1.  If the difference exceeds 

a pre-define threshold, the score is 0.  Values in 

between are calculated based on a regression 

function. 

 

Application of OE Methods 

 

The kinetic and kinematic time-history traces 

obtained from the models were run through CORA 

v3.5 and ISO.  When applying CORA, suggested 

default values were used for all parameter controls 

except for the phase range.  For evaluating the phase 

shift, the allowable time shift range was changed 

from 3 to 12 percent to a range of 5 to 15 percent.  

For the application of ISO, all recommended weights 

and parameters set forth by the standard were 

applied.  A total of 58 time history traces were 

obtained from the simulations.  This provided a 

diverse sample of signals allowing for a robust 

comparison of the techniques.  Because both 

techniques produce a phase, magnitude, and shape 
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score, 174 (58 x 3) pair-wise comparisons were 

made.  The corridor score of each technique was not 

included in the pair-wise analysis because the 

underlying algorithm is the same for both CORA and 

ISO.  For each component of the cross-correlation 

rating metric, the comparative scores were cross-

plotted and used to evaluate correlations.  In this 

analysis, the coefficient of determination, R
2
, was 

used to highlight differences in the two techniques.  

Statistical tests for significant differences between 

the two were also determined using a Wilcoxon 

matched-pairs signed rank test and a significance 

value of α = 0.05. 

 

Survey of Subject Matter Experts 

 

The survey component of this study was approved by 

the Wake Forest School of Medicine's Institutional 

Review Board (IRB #39944).  To evaluate how the 

OE techniques compare to real world interpretation, a 

survey was distributed to subject matter experts 

(SMEs) to obtain a scoring of how well the 

computational traces match the experiments in terms 

of phase, magnitude and shape.  The objective was to 

compare the SME based scores to the quantitative 

results obtained from CORA and ISO to determine 

which, if either, is more in line with SME 

assessment.  Participants were asked to complete a 

one-time, electronic survey designed to provide their 

interpretation of how well a subsample of 15 time 

history traces from the full dataset compared to 

experimental traces.  Participation was limited to 

individuals with training or expertise in 

computational modeling and model validation 

techniques.  Participants were contacted for inclusion 

in the study via email and all responses were 

anonymized prior to analysis.  Demographic 

information including work title, affiliation, years of 

experience in biomechanics, and years of experience 

in model validation/signal analysis were requested.  

In order to answer the research question, the survey 

was sent to 69 SMEs with an expected participation 

of 50%.  The sample size for the survey was 

determined by calculating the minimum number of 

survey questions and participants needed to detect a 

Cronbach’s alpha of 0.9 assuming type 1 error of 

0.05, a two-sided test, and a 80% power.  Prior to 

evaluating the curves, participants were introduced to 

the terminology used in the study to ensure a 

reasonable baseline.  However, no coaching was 

conducted in order to ensure that participants were 

not led to focus on specific curve attributes for 

evaluation.  Each participant was asked to rank the 

phase, magnitude, and shape for the subsample of 15 

curves, presented in a randomized order, on a scale of 

0-100 that could be directly mapped to the scale 

implemented in CORA and ISO.  The results were 

then analyzed using a 1-sample t-test that tested 

whether the mean from the sample was the same as 

CORA or ISO independently for phase, shape, or 

magnitude. 

 

RESULTS 

 

All simulations normally terminated without 

numerical error. In each case, simulations were 

visually inspected for localized areas of instability 

and were found to be stable.  To illustrate the impacts 

evaluated in this study, a time lapse of each 

simulation can be seen in Figure 1. 

 

The time history signals for each impact condition 

were exported and compared to the experimental data 

using both CORA and ISO.  Because of the variety of 

data obtained from these simulations, the OE 

methods were evaluated using signals that ranged 

from good to poor correlation.   

 

The overall average scores for the two algorithms, 

including the corridor metrics, were 0.60 and 0.56 for 

CORA and ISO respectively.  No signal-based 

weighting approach was used for off-axis signals 

which may produce low correlation scores, but are 

also low magnitude compared to the resultant (e.g. 

shear vs. normal loading).  Overall scores typically 

emphasize the dominant signals [33,34].  For both 

techniques, the corridor and cross-correlation scores 

were computed with the recommended weight factors 

(see Equations (1) and (2) where Zcorr stands for 

corridor score and ZCrossCor stands for cross-

correlation score).  With regards to magnitude, 

CORA rated the curves with an average score of 0.49 

± 0.27, whereas ISO rated the signals lower in 

general with an average rating of 0.38 ± 0.36.  For 

phase, the average CORA score was 0.72 ± 0.38 and 

the average ISO score was 0.69 ± 0.30.  Lastly, shape 

scores were rated as 0.71 ± 0.34 in CORA and 0.61 ± 

0.16 in ISO.  Overall, each of the components of the 

ISO cross-correlation score were lower on average 

compared to CORA, indicating a stricter rating of the 

signals. 

 
𝐶𝑂𝑅𝐴 𝑆𝑐𝑜𝑟𝑒 = 0.5 ∗ 𝑍𝐶𝑜𝑟𝑟 + 0.5 ∗ 𝑍𝐶𝑟𝑜𝑠𝑠𝐶𝑜𝑟  (1) 

𝐼𝑆𝑂 𝑆𝑐𝑜𝑟𝑒 = 0.4 ∗ 𝑍𝐶𝑜𝑟𝑟 + 0.6 ∗ 𝑍𝐶𝑟𝑜𝑠𝑠𝐶𝑜𝑟 (2) 

 

Cross-plots for each component metric of CORA and 

ISO can be seen in Figure 2.  In these plots, the 

respective magnitude, phase, and shape scores were 

aggregated from each simulation and compared using 

linear regression.  As such, each point on the plot 

represents the CORA and ISO scores for a single 

time history trace.  The phase scores for each metric 
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Figure 1. Simulation time-lapse of the M50 for each impact condition 

 

 

were found to have the strongest correlation with an 

R
2
 value of 0.66.  Shape scores were found to have 

the weakest correlation with an R
2 

value of 0.27.  

With regards to statistical comparison, the differences 

between CORA and ISO were found to be 

statistically significant for each component rating 

metric with p values of 0.003, 0.002, and 0.016 for 

phase, magnitude, and shape respectively. 

 

 

 

 

Survey Responses 

 

In total, 40 responses were collected from the survey 

solicitation.  Participants were primarily from 

academia (72%), followed by industry (15%) and 

government (13%).  More than 33% of participants 

had 10+ years of biomechanics and signal analysis 

experience, with more than 60% having 5+ years of 

experience. 
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Figure 2. Correlation analysis of each 

component rating metric 

 

The average response for the phase, magnitude, and 

shape characteristics for each of the 15 curves can be 

seen in Figure 3.  In Figure 3, the bars represent the 

average of all survey responses for a particular curve 

and rating metric.  Overall, volunteers rated the 

magnitude scores lowest with an average score of 

0.52 across all 15 curves.  The magnitude rating also 

had the largest variation in responses with respect to 

the average with a coefficient of variation of 0.38, 

indicating the widest variation in SME assessment.  

The phase rating was given the highest scores with an 

average of 0.70.  The phase rating also had the lowest 

average of coefficient of variation (cv = 0.28), 

indicating the greatest agreement in SME assessment. 

 

 

 

 

Figure 3. Survey responses for each curve 

 

When comparing the SME responses to the ISO 

standard, the null hypothesis that the SME responses 

and ISO results were the same was rejected for 

magnitude (p<0.001), but was not rejected for the 

shape and phase metrics (p-values of 0.79 and 0.10 

respectively).  With regards to CORA, the null 

hypothesis was rejected for the shape and phase 
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metrics (p-values of 0.005 and <0.001 respectively), 

but was not rejected for the magnitude rating (p = 

0.79).  From a real world perspective, this indicates 

that SME responses agreed with the ISO 

interpretation for phase and shape, but did not agree 

with the ISO magnitude rating.  Conversely, the SME 

responses agreed with the CORA interpretation for 

magnitude, but not the phase and shape ratings. 

 

For further evaluation, the percent difference in peak 

value between the model and experimental curves 

was compared to the average volunteer magnitude 

rating for each of the 15 curves in the survey.  The 

percent difference in peaks was moderately correlated 

to the magnitude ratings with a Spearman’s rho of -

0.58.  The average magnitude ratings were also 

compared to the percent difference in area under the 

curve for each of the curves evaluated in the survey.  

In this case, area under the curve showed strong 

correlation to the magnitude ratings with a 

Spearman’s rho of -0.79. 

 
DISCUSSION 
 

As objective evaluation techniques are increasingly 

applied to the validation of computational human 

surrogate models, it is important to investigate how 

variations in different rating metrics can affect the 

overall estimation of model validity.  The goal of this 

study was to apply both the CORA and ISO objective 

rating metrics to the same set of data derived from 

simulations of the GHBMC M50-O finite element 

model.  While we strive for objective evaluations, we 

also note that the totality of how an engineer may 

view a signal is beyond what can be encapsulated in 

three nominally orthogonal measures (magnitude, 

phase and shape).  Thus in this work we sought to 

find which algorithms are more likely to be in 

agreement with evaluations made by experts in the 

field.  As such, the CORA and ISO interpretations 

were also compared to real world interpretations from 

SMEs. 

 

The cross-plots depicted in Figure 2 show general 

trends for each component metric.  For example, 

phase scores for both ISO and CORA had higher 

scores on average compared to the magnitude and 

shape ratings.  However, more interesting are cases 

where one technique assigns a score of nearly 1 to a 

curve, and the other technique assigns the same curve 

a score closer to 0.  Using these techniques as they 

were intended, this means the user is to interpret that 

one technique says the signal is a good match to the 

experimental data, but the other technique says the 

model does not represent the real world test. 

 

This indicates that both techniques have limitations, 

and therefore must be combined with engineering 

judgment prior to drawing a final conclusion 

regarding a model’s validity.  However, as the survey 

responses showed, overall interpretation of the shape 

and phase response from SMEs tended to agree with 

the outputs from the ISO technique.  For magnitude, 

the CORA method tended to more closely agree with 

the SMEs.  This indicates that using the area of the 

signal may be a more intuitive means of assessing 

magnitude ratings.  This finding also agrees with the 

strong correlation between the SME magnitude 

ratings and the percent difference in area for the 

curves in the survey.  However, as the CORA 

magnitude rating uses a squared area ratio to assign a 

score, differences in polarity between the 

experimental and model curves can lead to artificially 

high scores.  Therefore, when comparing signals with 

flipped polarity, this limitation in the CORA 

magnitude rating should be addressed in the future by 

including a polarity correction factor. 

 

Overall, the CORA magnitude rating and ISO phase 

and shape ratings were found to provide the most 

intuitive scores when comparing model and 

experimental curves (Table 1).  However, both 

techniques tend to give higher scores on average to 

the phase rating compared to the other component 

rating metrics.  This can lead to biased total scores 

when phase is equally weighted with magnitude and 

shape.  A similar trend was seen in SME 

interpretations, with an average phase score that was 

30% and 17% higher than the subsampled magnitude 

and shape scores respectively.  Therefore, in some 

applications, it may be necessary for the user to 

increase the exponent governing phase scores 

between 0 and 1 to make the regression equation 

either quadratic or cubic.  Also, either isolated or in 

combination, the interval over which phase shift is 

permitted could be reduced to more strictly govern 

the phase rating.  In general, this would more strictly 

govern the overall rating and enable researchers to 

discern potentially required model updates, such as 

viscoelastic adjustments. 

 

Table 1.  

Summary of agreement for OE techniques and 

SME interpretation 

Component 

Rating 

Metric 

OE Technique 

in Agreement 

with SMEs 

p-value 

Magnitude CORA 0.79 

Phase ISO 0.1 

Shape ISO 0.79 
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When reporting final quantitative evaluations for 

validation, researchers commonly report the average 

of each component rating metric to give a global 

view of the model response.  However, it may be 

necessary to discriminate between signals of varying 

magnitude to give a clearer picture of model 

behavior.  For example, orthogonal signals 

(responses on the x, y, and z axes) often have motion 

on a primary axis (ex. X-axis) or primary plane of 

motion (ex. X-Y plane).  In these cases, there are one 

or two off-axis responses that do not have the same 

scale as the primary motion.  Therefore, in certain 

applications it may be appropriate to apply a 

weighting calculation to apply more weight to the 

scores of plots with greater magnitude.  Davis et al. 

proposed an approach to weight objective evaluations 

based on a weighting factor derived from the peak 

values of the experimental mean traces [34]. 

 

CONCLUSIONS 

 

Determining how closely a model matches an 

experiment is paramount for modelers.  The goal of 

the OE methods evaluated in this work is to replace 

the subjectivity inherent in this process with a 

numerical score, yet it is clear from the results that 

ostensibly objective methods can produce different 

interpretations for the same data.  This study provides 

a framework to critically compare results from each 

method, and highlights the relative strengths and 

weaknesses of each.  In addition, a survey of SMEs 

allowed for the OE outputs to be compared to real 

world interpretation of model performance. 

 

On average, ISO produced lower ratings than CORA, 

indicating a stricter evaluation of the model 

performance.  The comparison also indicated 

statistically significant differences between the two 

techniques for each component rating metric, both in 

terms of the direct comparison between ISO and 

CORA and the comparison to SME interpretation.   

 

Ultimately, the findings of the study suggest that 

using a mixed approach to reporting objective 

ratings, using the magnitude method in CORA and 

the ISO shape and phase methods, may be the most 

intuitive method to analyze model performance.  

However, it is noted that there are limitations for 

considering a model validated based solely on the 

outputs of OE techniques.  While the OE methods 

evaluated in this study provide valuable insight 

with regards to model response, all OE analysis 

should be performed in conjunction with 

engineering judgment and other practical 

considerations.  These include the ability to match 

signal peaks, which are often used by 

biomechanists as a correlate for the overall 

response or injury risk, and what experimental data 

is available to calculate the factors used in the 

techniques. 
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ABSTRACT  

The main objective of this research was to quantify 

the probability of simple linear skull fracture in 

infants under the age of 6 months when the head 

contacts a rigid surface at a range of velocities. 

Probability was quantified by conducting drop tests 

using the Aprica 2.5 dummy. Other objectives of this 

study were; to develop a methodology that can be 

used to relate dummy and infant cadaver head impact 

response; to quantify the effects of dummy body 

orientation on head acceleration biofidelity; to 

identify pediatric head structures that need to be 

modelled in a child dummy; and finally, to identify a 

child dummy head design which is likely to provide 

biofidelic head acceleration over a range of impact 

velocities. Aprica 2.5, a 2.5 kg instrumented infant 

dummy was dropped from heights of 0.376 m to 3 m 

onto rigid plates.  Isolated head and whole body 

dummy drop tests were conducted. Dummy head 

impact response, when appropriately scaled, is very 

similar to infant cadaver head response for rigid plate 

contact.  Contact velocities in this study ranged from 

2.3 m/s to 6.3 m/s.  The probability of linear  skull 

fracture ranges from ≤ 5% for contact velocities to ≤ 

3 m/s and < 50% for contact velocities ≤ 5.5 m/s.  

Results confirm the validity of 5% fracture tolerance 

limit for CRABI – 6M dummy obtained previously 

through mass and material scaling.   

Work presented in this paper indicates that a one-

piece moulded dummy head, such as the one in 

Aprica 2.5 may preserve biofidelity over a range 

of impact velocities. This work provides insights 

for FE modelers and dummy designers about the 

importance of various skull model parameters. 

Such a dummy design with human like moments 

of inertia when used in conjunction with a human 

like head – neck connection may also provide 

reasonable estimates of infant head angular 

accelerations.   

  

INTRODUCTION 

 

In this paper, we will estimate probability of non-

displaced skull fracture in infants (0-6 months age) 

when the head contacts a rigid surface.   

Traditionally, injury has been related causally to 

impact through cadaver tests.  However, societal 

and ethical concerns have restricted pediatric 

cadaver testing.  Limited isolated infant cadaver 

head testing has been conducted by Prange, (2003) 

and Loyd, (2011).  They dropped isolated heads of 

infant cadavers onto rigid plates and measured 

head acceleration and force on the plate.  Loyd 

(2011) analyzed the data extensively and proposed 

methods to correlate child dummy head 

acceleration with infant cadaver head response.   

 

Weber, et al. (1984, 1985) conducted full body 

child cadaver drop tests.  The age of test subjects 

varied from neonate to 9 months.  All subjects 

were dropped from a height of 82 cm with the test 

subject horizontal at the time of release.  They 

dropped cadavers onto rigid and padded surfaces.  

All test subjects dropped onto rigid surfaces 

sustained non-displaced skull fractures some of 

which crossed suture lines. The cadavers used by 

Weber were not instrumented.   

 

Snyder et al (1963, 1977) attempted to estimate the 

relationship between injury severity, fall height, 

and type of fall surface.  They documented falls 

from heights up to 11 m.  They used a combination 

of detailed medical and scene investigations and 

computer modeling to relate fall heights and injury 
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for free falls on to rigid surfaces.  Samuel, et al. 

(2015) conducted a single center cohort study at a 

pediatric emergency department (ED) of a Level I 

trauma center over a period of 2 years. Study 

participants were children from 0 to 2 years of age 

who were admitted to the ED due to minor head 

injury.  Ibrahim (2009) conducted a retrospective 

study of infants (0 ≤ age ≤ 12 months) and toddlers 

(12 months ≤ age ≤ 48 months) hospitalized for 

head trauma sustained as a result of falls.  

 

Li, et al. (2015) developed a finite element model 

to analyze falls reported by Weber et al. (1984, 

1985).  They developed one isolated head model to 

represent each Weber drop test.  Each head model 

captured the head circumference of the test subject 

it was modeling and was also developed to be age 

appropriate.   They related probability of skull 

fracture to engineering variables such as peak head 

linear acceleration, strain, etc.     

 

Van Ee, et al. (2009) reproduced Weber’s tests 

using a CRABI (Child Restraint / Air Bag 

Interaction} 6-month-old dummy.  They developed 

a probability curve relating dummy head 

acceleration and skull fracture. 

 

Other researchers have conducted drop tests with 

child dummies to evaluate the risk of injury from 

falls (Bertocci, et al. (2003, 2004)). In addition to 

assessing biomechanics associated with short-

distance falls in children, they also investigated the 

effect of impact surface type on injury risk.   

 

Coats (2008) developed an anthropometric infant 

dummy and dropped it from heights of 1 ft, 2 ft, 

and 3 ft onto concrete, carpet pad and mattress so 

that the dummy contacted the floor in a supine 

position. She reported that peak head force 

increased with increase in stiffness of the floor and 

that drop height had a significant effect on impact 

force.   

 

Some researchers have developed finite element 

models of pediatric heads to study the effect of 

falls (Coats (2003), Ibrahim (2009), Klinich 

(2002), Roth (2008).  There is some debate about 

material properties of model elements and the 

importance of sutures.   

 

Two recent reports (Ruddick, et al. (2009) and 

Monson, et al. (2008)) discuss infant in-hospital 

falls. Ruddick reported that 14 neonates fell from 

heights ranging between 0.3 m and 1.09 m.  Five 

of the neonates fell onto rigid floors from heights 

ranging from 0.5m to 1.2m.  Ruddick reported six 

infants who sustained linear skull fractures.  

However not all children in the study were 

scanned.  Monson indicated that that one of the 14 

infants who fell in nurseries sustained a skull 

fracture.  Not all children in the study were 

scanned for skull fractures.  Both studies reported 

no mortalities or adverse neurologic outcomes 

from the falls. While these studies do not provide a 

causal relationship between skull fractures and 

measured engineering variables, they provide 

useful real-life data which can be used to validate 

skull fracture probabilities developed in this study. 

 

When a relatively small, light, soft object such as 

an infant head contacts a relatively rigid surface of 

much larger dimensions, it is possible to use the 

principles of Hertzian contact mechanics to 

evaluate the force imposed on the head and its 

acceleration on impact.  In such head contacts, the 

pulse width (the time difference between the first 

and last contacts between the surface and head) is 

nearly constant regardless of the fall height.  

Rangarajan, et al (2013) used this principle of near 

invariance of pulse width (NIP) to analyze the 

relationship between fall height and injury in a 3-

month-old child who was taken to a pediatric ED 

after a fall.   

 

Infants sustain head injury from falls and in motor 

vehicle accidents and there is a need to evaluate 

probability of skull fracture from both these causes 

of injury.  Prior efforts have related peak head 

linear acceleration, which is a dependent variable, 

with probability of skull fracture. These 

formulations require that tests be conducted with 

dummies or cadavers before probability of fracture 

is determined.  However, it would be useful to be 

able to estimate probability of skull fracture 

without having to conduct experiments.   

 

In many circumstances, velocity of contact is the 

easiest independent engineering variable to 

estimate in falls and motor vehicle accidents.  In 

the case of falls, contact velocity can be 

reasonably accurately related to fall height.  

 

Traditionally, infant dummy head response 

biofidelity is evaluated by conducting dummy and 

infant cadaver head impacts under the same 

conditions.  For example, if an isolated cadaver 

head is dropped from a certain height, then, 

isolated dummy head would be dropped from the 

same height onto the same surface.  Head 

accelerations would then be analyzed to evaluate 

dummy head response biofidelity and to estimate 

scale factors if needed.  However, dummy tests in 
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this study were conducted much before cadaver 

head drop tests were conducted.  The tests were 

run in two different institutions and were not 

coordinated.  Therefore, we have used non-

traditional analytic methods to compare dummy 

response with cadaver response.  For example, 

isolated cadaver head was dropped from a height 

of 30 cm leading to a contact velocity of 2.2 m/s 

whereas isolated dummy head response was 

evaluated at a contact velocity of 2.7 m/s.  In 

addition, we compared response of the dummy 

head in a whole body vertex impact at a contact 

velocity of 6.3 m/s with isolated cadaver head 

response at the same velocity onto the similar rigid 

plate.  These non-traditional analytic raise a 

number of questions which are discussed in the 

DISCUSSION section.  

 

In this study we conducted drop tests with an 

instrumented infant dummy and used the NIP 

principle to analyze test results and to evaluate the 

probability of an uncomplicated, linear non-

displaced skull fractures from impact velocities up 

to 6.3 m/s 

 

METHODS AND MATERIALS 

 
Our aim was to evaluate the probability of 

moderate head injury such as non-displaced linear 

skull fracture caused by head impact against a 

rigid surface at various contact velocities for 

infants (age ≤ 6 months).   The Aprica 2.5 kg 

instrumented dummy was used to as an infant 

surrogate in our tests.  The work was divided into 

two phases.   

 

 Conduct dummy isolated head drop tests, 

analyze data by scaling the peak head 

acceleration and pulse width and establish 

a procedure for comparing dummy and 

infant head impact responses.  Pulse width 

used for scaling was obtained from 

literature describing infant cadaver 

isolated head drop tests. We established 

the viability of the scaling procedure and 

the range of biofidelity of the dummy.   

 Dummy was dropped on its vertex from 1 

m to 3 m heights. Dummy head 

accelerations for various contact 

velocities were compared with previously 

published relationships between infant 

head acceleration and skull fracture 

probability to establish probability of 

skull fracture at a range of contact 

velocities.    

Methods and materials – features of the Aprica 

2.5 dummy 
 

 

 

 

 

 

 

 

 

 

 

 

 

Aprica 2.5 instrumented dummy (Figure 1) was 

used to conduct drop tests. Design of the dummy 

was described in Rangarajan (2002).  Salient 

details from the paper are reproduced here for 

completeness.   

 

The dummy structure consists of head, neck, 

thorax (flexible thoracic spine and shoulder 

structure), pelvis, and lower and upper extremity 

segments.  The segmentation scheme is similar to 

that seen in adult dummies and was chosen as it 

allowed the infant dummy to be instrumented with 

a suite of sensors similar that seen in adult 

dummies.    

 

Dummy anthropometric measurements are shown 

in Table 1 as is a list of sensors integrated in the 

dummy.  Preliminary anthropometric data were 

obtained from anthropometric specifications for a 

premature infant in CMVSS (Canadian Motor 

Vehicle Safety Standards) 213.5 test procedures 

(Transport Canada, 2000).  Mass scaling 

procedures proposed by Mertz (1989) and Melvin 

(1995) were used to adjust the dimensions of the 

infant data in CMVSS 213.5.   Data were also 

obtained by pediatricians in Japan who measured 

several body segments of Japanese infants 

weighing approximately 2.5 kg. Dimensions 

obtained by pediatricians were compared with the 

segment dimensions published by the Japanese 

Ministry of Transport for a 10% infant of mass 2.5 

kg.   

 

Table 1: Aprica 2.5 anthropometry and 

instrumentation 

 

Parameter Units Design 

Goal 

Measured 

Mass gm 2600 2600 

Height mm 450 450 

Figure 1: Aprica 2.5 Dummy  



Rangarajan 4 

 

Parameter Units Design 

Goal 

Measured 

Head 

circumference 

Mm 349 340 

Neck length M 54 53 

Shoulder 

circumference 

Mm 305 340 

Chest 

circumference 

Mm 297 298 

Waist 

circumference 

Mm  318 

Hip 

circumference 

Mm 286 285 

Leg length 

(crotch to 

heel) 

Mm 150 133 

Segment 

Mass 

   

Head weight Gm 800 772 

Neck weight gm 126 62 

Torso 

(shoulder, 

thorax, 

pelvis) 

gm 1273 1244 

Upper arm 

weight 

gm 29 39 

Lower arm 

weight 

gm 22 32 

Upper leg 

weight 

gm 82 79 

Lower leg (w/ 

foot) weight 

gm 48 73 

Integrated 

sensors Type 

Location 

3-axis 

accelerometer 

Head CG 

3-axis 

accelerometer 

Neck top 

3-axis 

accelerometer 

Neck bottom 

3-axis 

accelerometer 

Mid-torso, T4 

3-axis 

accelerometer 

Pelvis 

Methods and material – dummy head design 

 
Material properties of H3 50 th percentile male 

dummy head were measured and scaled using 

procedures outlined by Melvin (1995).  The head 

was molded from 30 Shore A Durometer 2-part 

Urethane.  Urethane’s density is very close to 

water and it is a lightly viscous material.  The head 

was attached to the neck by the occipital condyle 

(OC) bolt.  Accelerometers located at the CG of 

the head were attached to a Delrin mount that was 

used to locate the OC bolt.  This type of head 

construction allowed the head to deform 

uniformly.  Also, since the head was molded from 

a single material, its material properties were the 

same all over the head.  

  

Methods and material - dummy neck design  
 

The neck was fabricated from a Urethane tube 

with fixtures at the top and bottom to house tri-

axial accelerometers. The neck was connected to 

the head through the OC bolt.    The neck was 

designed to fit the scaled Mertz corridor using 

procedures outlined by Melvin (1995).  The 

biomechanical response of the Aprica 2.5 fits into 

the scaled Mertz corridor.  The neck is stiff in 

bending compared to static bending requirements 

described by Coats (2008) but its bending 

properties are similar to those used by Ibrahim 

(2009) in the 18-month-old child dummy. 

 

Methods and material - dummy thorax and 

abdomen design 

 

The torso flesh was molded in one piece from 30 

Shore A Durometer Urethane.  Foam was placed 

inside the thorax to model deformable thoracic and 

abdominal structures.  Thoracic spine was 

fabricated from a Urethane tube and was quite 

flexible.  The spine was divided into two parts 

along its length and tubes of appropriate lengths 

were connected together through an aluminum 

plate.  A tri-axial accelerometer package was 

attached to the aluminum plate.    

 

Tests indicated that the thorax was a little stiffer in 

compression than the scaled Kroell (1969) 

response requirements.  Calibration tests of the 

abdomen indicated that peak impact force of 190 

N was within the expected range of 187-230 N 

obtained by scaling rod impact tests from 

Cavannaugh (1987). 

 

Methods and material – details of dummy tests  

 

Before using a dummy to simulate human drop 

tests, it is important to understand the limits of the 

biofidelic response of the dummy.  In this case, the 

limit of biofidelic response will be defined as the 

range of contact velocities (proportional to drop 

heights) over which the dummy head acceleration 

is very similar to that of human surrogate of the 

same age and anthropometry when exposed to 

similar test conditions. 
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Two series of tests were conducted (Table 2).  

Limits of biofidelic response were obtained by 

analyzing series 1 tests.  Series 2 tests were 

analyzed to evaluate skull fracture probability at 

various contact velocities when the head contacted 

a rigid surface.   

 

In all tests, dummy responses were recorded at 10 

KHz sampling rate, together with high-speed video 

at 500 f/s.  Dummy acceleration data were filtered 

using standard SAE J 211 CFC 1000 filters.   

 

Table 2: Type of free fall tests 

 

Seri

es 

No. 

Test 

type  

# of 

Test

s 

Drop 

Hts, 

m 

Details of 

tests 

A 1. Fore

head 

imp

act 

 

 

2. Vert

ex 

imp

act 

4 

 

 

 

 

 

2 

0.376 

 

 

 

 

 

2 

Isolated 

dummy head 

dropped onto 

a rigid steel 

plate. 

 

Whole 

dummy 

dropped on 

its vertex 

onto steel 

plate. 

B Vertex 

impact 

10 1, 

1.5, 

2.5, 

3, 3.5 

Whole 

dummy 

dropped on 

its vertex 

onto steel 

plate from 6 

different 

heights.  2 

tests per 

height. 

 

Methods and material – Isolated head drop tests 

 

In these tests, the head of the dummy was isolated 

from the dummy.  The head was suspended 376 

mm above a rigid steel plate.  The setup used the 

standard H3 head calibration drop test fixture.  The 

head was released from that height and dropped 

under gravitational acceleration to strike a rigid 

steel plate.  Three accelerometers placed at the 

center of gravity of the head, and pointing in the 

front-back, lateral, and inferior-superior direction 

recorded the accelerations in the respective 

directions.  By design, the head rebound after the 

first impact was minimal as can be seen in Figure 

3.  

 

Methods and material – Vertex drop tests 

 

 

 

 

 

 

 

 

 

 

 

 

 

Occipital condyle bolt on the dummy (connecting 

top of the neck to the head) was set to just support 

the head.  All joints were set so that they just 

supported the body segment below them under 

gravitational load.  For example, the shoulder joint 

was set so that the arm was just retained in the 

position it was placed in.  These procedures are 

commonly used to prepare crash test dummies for 

tests. 

 

In these tests, the dummy foot was loosely tied to a 

lanyard and suspended head down from the test 

fixture so that the vertex was at the test height 

from the rigid platform.  The lanyard was released 

so that vertex of the dummy contacted the rigid 

platform as shown in Fig. 2.   Kinematics of the 

dummy were repeatable and the vertex contacted 

the rigid plate first (before the body) in all tests.   

 
Methods and material – calculation of contact 

velocity from drop heights 

 

Contact velocity was calculated in all tests from 

drop heights neglecting frictional effects.  Contact 

velocity (Vel) in m/s is related to drop height by:    

 

   Vel = √(2*9.81*drop height (m))   (Equation 1) 

 

RESULTS 

 

Results of tests conducted to establish limits of 

biofidelity of head impact response will be 

discussed first, followed by results of vertex drop 

tests.   

 

Results – Series A tests to establish limits of 

head impact response biofidelity 

 

Limits of dummy head biofidelity were established 

by comparing dummy head response with infant 

cadaver response (Loyd, 2011) under similar 

Figure 2: Vertex Drop Test Setup  
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loading conditions. Initially, dummy head response 

in isolated head drop tests were compared with 

appropriate infant cadaver test response.  

Following this, whole dummy vertex drop test in 

which the head contacted a rigid plate at 6.26 m/s 

(2 m drop height) was compared with infant 

isolated head drop test from a height of 2 m (Loyd, 

2011). 

 

Resultant head acceleration versus time plot in 

four isolated head drop tests is shown in Fig. 3 

which indicates that dummy response was 

repeatable.  Figure 4 shows the mean peak head 

acceleration and pulse width. Pulse width is the 

difference in time from the time the head contacts 

the plate to the time the head bounces off the plate.  

The mean head response is 115 G with a pulse 

width of approximately 7.9 ms. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Dummy head acceleration in four 

tests contact velocity 2.7 m/s. 

 
Figure 4: Dummy mean head acceleration. 

 

Head impact response was scaled using the 

principle that in impacts between head and a 

defined surface, pulse width does not change 

appreciably with contact velocity or head mass 

(Rangarajan, et al. 2013).   The comparison 

process consists of morphing the head acceleration 

curve by attenuating acceleration amplitude and 

stretching time by a given scale factor.  This type 

of scaling causes the area under the scaled curve to 

be the same as the area under the original curve.  

In other words, initial velocity and initial energy 

of the scaled pulse are the same as that of the 

unscaled cadaver acceleration pulse.  A similar 

process has been proposed by Loyd to adjust 

CRABI-6M dummy response to better fit human 

response.  (Loyd, 2011)  

 

The scale factor equals dummy response pulse 

width / infant cadaver response pulse width from 

infant cadaver tests of the same age group.  Pulse 

width from infant cadaver tests was obtained from 

Loyd (2011) and has a value of 17 ms.  So, the 

pulse width scale is 7.9 / 17 = 0.46.    

 

Scaled head response pulse is shown in Fig. 5 

together with the unscaled pulse and response of 

one of the cadaver heads in Loyd’s tests. Scaled 

dummy peak acceleration is around 54 G which is 

close to the 58 G average reported by Loyd (2011).  

It is to be noted that contact velocity was 2.4 m/s 

in Loyd’s tests and 2.7 m/s in our test.     

 

 
 
Figure 5: Comparison of scaled and unscaled 

dummy, and representative infant cadaver P6F 

from Loyd (2011) 
 

Rate of loading in the dummy is very similar to 

that of neonates.  This fact is significant because 

the rate of loading has been recognized as an 

important variable that can predict injury severity 

(Snyder, 1977).  The shape of the unloading 

portion of the dummy response is similar to that of 

the neonate which might indicate that the type of 

material used to mold the head (2-part Urethane) is 
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a reasonable choice.   Scale factor and the results 

of scaling are shown in Table 3.   

 

Table 3: Comparison of Aprica 2.5 adjusted 

mean head resultant acceleration with Loyd 

(2011) data. 

 
Data Source Mean 

Peak, G 

Scale 

factor 

Loyd (2011) average 

neonatal forehead drop, 

contact velocity 2.4 m/s 

58   

Aprica scaled mean 

forehead drop, contact 

velocity 2.7 m/s 

53  0.46 

The 2.7 m/s isolated head drop tests provided the 

lower limit of biofidelity of dummy head impact 

response.  To obtain the upper level of biofidelity 

we chose to compare dummy response from 6.3 

m/s drop test using an infant cadaver (P12M – 5-

month-old, head mass 0.96kg from Loyd (2011)) 

with 6.3 m/s dummy head contact velocity test 

using the NIP scaling technique described above.  

Figure 6, shows head acceleration traces obtained 

by Loyd (2011) in a 6.3 m/s infant head drop and 

the scaled head acceleration curve for 6.3 m/s test 

of the Aprica 2.5 dummy whose head mass is 0.8 

kg.  Once again, the amplitudes and shape of 

curves are reasonably well correlated and loading 

rate is very similar for the two subjects.  Loyd 

(2011) reported a peak acceleration of 159 G and 

the scaled dummy peak acceleration is 155 G, 

roughly 3% lower than infant cadaver test 

acceleration. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Comparison of scaled Aprica and 

infant cadaver head accelerations in 6.3 m/s 

contact velocity tests 

 

Results from the 2.7 m/s isolated head drop test 

and 6.3 m/s vertex drop test indicate that the 

dummy will yield reasonably biofidelic results for 

this range of contact velocities if dummy response 

is mapped appropriately.   

 

Results – Series B vertex drop tests 

 

Dummy response in 1, 1.5 and 2 m vertex drop 

tests was then analyzed.  Scaled accelerations and 

drop heights from vertex drop tests number 7 

through 9 are listed in Table 4. 

 

Table 4 Peak resultant head accelerations in 

vertex impact tests 

 
Te

st 

No 

Drop 

heigh

t. 

mm 

Conta

ct 

Vel, 

m/s 

Peak 

head 

accelerati

on, G 

Scaled 

Pk. Hd.  

accelerati

on, G 

7 1000 4.4 180   85 

8 1500 5.4 236  111 

9 2000 6.3 330  155 

 
Results – probability of skull fracture at 

various contact velocities 
 

In the last few sections, we estimated head CG 

acceleration resulting from contact with a rigid 

surface at various velocities.  We then used these 

data in conjunction with the analysis of Li, et al. 

(2015) to estimate the probability of skull fracture 

due to these contacts.   

 

Li, et al. (2015) developed finite element models 

of the infant head to simulate Weber’s whole body 

infant cadaver drop tests. Their models varied by 

age and geometry (mainly head circumference).  

Li et al. (2015) used this model to estimate 

variables commonly associated with skull fracture 

such as peak head acceleration, von Mises stress, 

and head Injury criterion (HIC).  Li, et al. (2015) 

related probability of linear skull fracture for ages 

ranging from 0 to 6 months, which is of interest to 

the present work.  These probability values are 

listed in Table 5.   

 
Table 5: Estimates of age-based infant skull 

fracture probability from Li, et al (2015) 

 
Approximate 

Infant Peak Head 

Acceleration, G 

(0 m to 6m age) 

Approximate 

Calculated 

Probability of 

Skull Fracture, 

% 

84 -92  5 

106 –114 25 
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Approximate 

Infant Peak Head 

Acceleration, G 

(0 m to 6m age) 

Approximate 

Calculated 

Probability of 

Skull Fracture, 

% 

119 -127 50 

132 – 140 75 

144 – 153 90 

We compared the dummy peak head linear 

accelerations for various contact velocities (Table 

4) and assigned probabilities of fracture. For 

example, the isolated head impact test with a 

contact velocity of 2.7 m/s resulted in a peak linear 

head acceleration of 52 G.  From Table 5, there is 

a < 5% probability that this would cause linear 

skull fracture.  So, this acceleration level was 

assigned a linear skull fracture probability of <5%.  

Dummy head response from our drop tests are 

tabulated below with estimates of fracture 

probability. 

 
Table 6: Summary of Aprica 2.5 drop test 

results 

 

Contact 

Velocity, 

m/s 

Type of 

test 

Scaled 

dummy 

response, 

G 

Skull 

Fracture 

Probability 

from Li, et 

al. 

2.7 Series 

A– 

Isolated 

Head 

Drop 

53 ≤ 5% 

4.4 Series B 

– 

Vertex 

Drop 

Test 

85 ≤ 25% 

5,4 Series B 

– 

Vertex 

Drop 

Test 

111 ≤ 50% 

6.3 Series A 

– 

Vertex 

Drop 

Test 

155 90% 

 

DISCUSSION 
 

As discussed in the Introduction, this study uses 

non-traditional analytic methods to establish 

dummy head response biofidelity which leads to a 

number of questions about the methodology.  

Some of these are: 

 

 Is it appropriate to compare dummy whole 

body tests with isolated head drop tests 

conducted by  Loyd (2011)? 

 Is it appropriate to use average pulse 

width for forehead impacts from Loyd 

(2011) to scale vertex drop tests using 

Aprica 2.5 dummy? 

 Is the scaling procedure capable of 

estimating head acceleration at contact 

velocities not tested in our study?  If the 

procedure is appropriate it should be able 

to estimate infant head accelerations at 

contact velocities that were not tested 

using the Aprica 2.5 dummy.  In other 

words, if the scaling procedure is used to 

estimate infant head acceleration at 1.7 

m/s (15cm drop test) and 2.4 m/s (30 cm 

drop test), how close will these estimates 

be to Loyd’s (2011) experimentally 

observed infant head accelerations for the 

same drop heights.    

 

These questions will be discussed in the next three 

sections. 

 

Appropriateness of comparing whole body and 

isolated head drop tests 
 

Our results indicate that the soft infant head 

deforms first upon contact and that the torso mass 

undergoes negligible deceleration during the time 

head peak acceleration attains a maximum value.  

This is illustrated by Fig. 7 which shows a plot of 

the Z (downward) acceleration of the head, and 

torso in 2 tests with contact velocities of 4.4 m/s 

and 8.3 m/s.  This plot covers the range of contact 

velocities investigated in this study.  The same 

sequence of deceleration is seen when head 

resultant decelerations are compared in other 

vertex drop tests. 
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Figure 7: Sequence of vertical deceleration of 

head and thorax segments in 4.4 m/s and 8.3 

m/s contact velocity tests 

 

Figure 7 shows that at both contact velocities, the 

head starts decelerating first and comes to a stop 

before rebounding.  During the period the head is 

decelerating, the torso does not undergo significant 

deceleration.  In essence, this indicates that the 

head is the only active mass involved in the 

impact.  Thus, these tests are similar to isolated 

head drop tests and it is appropriate to compare 

whole body dummy vertex drop test results with 

infant isolated head drop tests. 

 

The torso accelerometer is placed approximately at 

the CG of the torso.  This sequence of deceleration 

can be explained by the softness of the head 

(Shore A 30 durometer Urethane), and the 

flexibility of the relatively long, thin tube used to 

model the thoracic spine. Therefore, the torso 

accelerometer which is place approximately at the 

CG of the long, slender thoracic spine starts 

decelerating after the head comes to a stop.   

 

Appropriateness of using average forehead 

impact pulse width to scale vertex impact data 
 

Table 7 lists pulse width data abstracted from 

Loyd (2011).  To populate the table, six infants 

under the age of six months (P3, P5, P6, P7, P8, 

and P13 in Loyd (2011)) were chosen.  Their 

respective head masses were 0.42, 0.61, 0.65, 0.42, 

0.68 and 0.45 kg.  Pulse width for each infant in 

each impact direction was averaged.  Finally, the 

average of these averages was calculated across all 

six infants.  The average of these averages was 

calculated to be 17.26 ms as indicated.  This is 

very close to the 17 ms which was used as the 

initial estimate scaling factor based on cadaver test 

pulse head impact pulse width. 

 

Table 7: Average pulse width for each impact 

location from Loyd (2011) 

 

Impact 

location 

Mean +/- SD pulse width of 

6 infants, ms 

Vertex 18.68 +/- 4.7 

Occiput 17.49 +/- 4.9 

Forehead 16.54 +/- 5.6 

Right parietal 16.8 +/- 4.4 

Left Parietal 16.8 +/- 3.4 

  

Average of 

averages 

17.26 +/- 0.87 

 
Appropriateness of scaling procedure 
 

Dummy scaled resultant head acceleration for 2.7 

m/s, 4.4 m/s, 5.4 m/s and 6.3 m/s tests were 53 G, 

85 G, 111 G and 155 G respectively.  These data 

were analyzed by fitting polynomial, exponential 

and linear curves to these data.  The regression 

curves were extrapolated to estimate scaled 

dummy head resultant acceleration at 1.7 m/s and 

2.4 m/s which were the contact velocities in Loyd 

(2011).  Result of this analysis is presented in 

Table 8 which lists estimated values of scaled head 

acceleration with experimental infant cadaver head 

acceleration reported by Loyd (2011).  It is seen 

that estimates from both polynomial and 

exponential regressions are quite close to 

experimental head accelerations.  This shows that 

it is possible to extrapolate dummy impact test 

results to estimate infant head impact 

accelerations. 

 

Table 8: Comparison of estimated scaled 

dummy head acceleration and experimental 

infant cadaver test data 

 
Cont

act 

Vel, 

m/s 

Loyd 

Avera

ge 

head 

accel, 

G 

Polynom

ial, R2 -

0.99 

Exponen

tial, R2 = 

0.99 

Line

ar, 

R2 = 

0.98 

1.7 39 48 48 36 

2.4 58 52 51 45 

 
Data shown in Table 8 indicates that the scaling 

factor used and the concept of scaling using 

appropriate cadaver pulse width to scale dummy 

head response data yields reasonable results.   
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How do estimated probabilities compare with 

literature reported value? 
 

Table 6 indicates that a scaled dummy head 

acceleration of 53 G is associated with less than a 

5% probability of skull fracture.  This value is 

very similar to that derived by Melvin, (1995) and 

Mertz et al., (1984, 1984b, 1989) as the tolerance 

value for the CRABI – 6M dummy.  Melvin 

(1995) scaled adult dummy tolerance values using 

both mass and material properties to arrive at a 

tolerance value for the dummy.  Our results in 

Table 6 support his approach. 

 

Summary of results  

 

We used an instrumented Aprica 2.5 infant dummy 

weighing 2.5 kg to conduct whole body drop tests 

onto a rigid platform from heights ranging from 1 

m to 3 m.  We also conducted isolated head drop 

tests onto a rigid platform.  Dummy head 

accelerations were scaled using a procedure 

outlined by Rangarajan (2013).  The scaling 

procedure provided a method to compare the 

dummy response with isolated human infant head 

responses under similar test conditions.   

 

From the results of this study, we conclude that: 

 

 Pulse width scaling is a reasonable 

procedure to evaluate limits of biofideloty 

of dummy responses. 

 Aprica 2.5 dummy yielded biofidelic head 

impact responses for impacts against rigid 

surfaces in the contact velocity range of 

2.7 m/s to 6.3 m/s when scaled 

appropriately. 

 The average of infant cadaver pulse width 

for vertex, occiput, forehead, and left and 

right parietal contacts reported by Loyd 

(2011) can be used to scale dummy 

response. 

 Analysis in this paper suggests it is 

possible to derive a simple, back-of-the- 

envelope calculation for probability of 

infant skull fracture for various contact 

velocities (fall heights) against rigid 

surfaces.   

 Within the range of contact velocities 

analysed in this paper, it is appropriate to 

conduct dummy whole body tests with 

Aprica 2.5 and other similarly designed 

dummies with biofidelic heads and 

flexible thoracic spines to mimic isolated 

human cadaver head tests under similar 

test conditions. 

 The Aprica 2.5 head was moulded from a 

single material – Urethane.  Such a design 

is likely to provide biofidelic head impact 

responses for various head impact 

locations against rigid surfaces. 

 This simple design of the Aprica 2.5 

dummy head can provide important 

information about material properties of 

the skull and brain for finite element 

model developers.   

 Urethane density is similar to that of the 

brain biologic material.  Therefore, a one-

piece moulded design, such as the 

anthropometric Aprica dummy head, is 

likely to have human-like moments of 

inertia in all directions.  This in turn is 

likely to result in accurate estimates of 

angular acceleration of the head in various 

directions.  Tests conducted with such 

dummies will provide useful information 

about head angular accelerations which 

can be related to real life intracranial 

injuries as angular accelerations and 

angular velocities have been corelated 

with brain injury.   

 A one-piece moulded dummy head may 

preserve biofidelity over a range of impact 

velocities.  Design of such a dummy head 

with instrumentation has been illustrated.  

This work provides insights for FE modelers 

about the importance of various skull model 

parameters.     

 

LIMITATIONS 

 

 Biofidelity of dummy head acceleration was 

established at two discrete contact 

velocities.  It is necessary to establish that 

the dummy response is biofidelic at all 

velocities between these limits by 

conducting appropriate cadaver tests.    

 Dummy drop test data indicate that the head 

completes deformation and deceleration 

before the torso starts decelerating.  It is 

necessary to investigate if this is true in 

children 
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ABSTRACT 
 
The Federal Highway Administration (FHWA) and the National Highway Traffic Safety Administration (NHTSA) 
have entered into an agreement to investigate crashes involving the most widely used energy absorbing 
guardrail end terminals in the United States.  These include the ET-2000, ET-Plus, Flared Energy Absorbing 
End Terminal (FLEAT), Sequential Kinking Terminal (SKT), X-Lite, X-Tension, and Softstop.  For each device, the 
evaluation will address: 

· Crash performance in terms of vehicle occupant risk. 
· The sensitivity to varying effects such as environmental conditions, site characteristics, and impact 

conditions.  
· The degree of sensitivity to improper installation, maintenance, and repair. 

Data is being collected at test sites in four States that have agreed to participate in this pilot study: 
Massachusetts, Pennsylvania, California, and Missouri.  This work is being done in cooperation with NHTSA, 
the Resource Center - Safety Technical Services Team (TST), the Office of Safety, and the division offices in 
each of the data collection States. 
 
The objective of this paper is to present preliminary results of a novel data collection partnership between 
FHWA and NHTSA to conduct a pilot In-Service Performance Evaluation (ISPE) of Guardrail End Terminals 
(GETs). It will discuss source materials developed for the ISPE of GETs; explain the data collection partnership, 
methodology and status; and introduce sample cases. 
 
Although studies involving joint data collection by FHWA and NHTSA are not new, this is the first time that 
the data collection has been driven by and tailored specifically to the needs of FHWA.  In the 1980’s, the 
Longitudinal Barrier Special Study (LBSS) relied upon the National Automotive Sampling System 
Crashworthiness Data System (NASS CDS) data collectors to compile information relevant to FHWA.  FHWA 
subject matter experts produced data collection documentation, forms, and training materials that 
supplemented the goals of LBSS established by NHTSA.  The LBSS lasted for approximately five years.  Over 30 
years later, FHWA is partnering with the NHTSA Special Crash Investigation (SCI) Team to support the ISPE of 
GETs and explore the possibility of including several of the study variables as standard features of future 
NHTSA data collection efforts.  This paper will review: 

· the impact of the data to be collected; 
· tools used to collect and share this data; 
· data elements and attributes. 

Discussion will include what data has been and will be collected and how the data will be used.  Ultimately, 
results of the study will be used to identify replicable patterns in the data that might enhance the design and 
testing of GETs. 
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BACKGROUND 

The Federal Highway Administration (FHWA) is 
conducting a pilot In-Service Performance Evaluation 
(ISPE) of selected Guardrail End Terminals (GETs) in 
Massachusetts, Pennsylvania, California and 
Missouri in response to growing concerns about the 
safety performance of these devices.  The 
foundation of a successful ISPE is robust data 
collection.  FHWA has vast experience and a well-
established network in roadside safety and crash 
testing.  The National Highway Traffic Safety 
Administration (NHTSA) has over four decades of 
crash investigation experience and a well-deveoped 
data collection infrastructure.  Leveraging the 
expertise and resources of each agency helped 
establish a firm foundation for the detailed and 
timely data collection needed for this study. 

In 1982, FHWA and NHTSA established a partnership 
to conduct the Longitudinal Barrier Special Study 
(LBSS) using NASS CDS data collectors.  This special 
study was suspended in 1986due to smallsample size 
and a limited audience that primarilly included 
epidemiologists and vehicle safety experts.  
However, NASS CDS continued to report general 
data relevant to all damaged barriers, involved in 
vehicle tow-away crashes on public roadways. 

In 2015, FHWA and NHTSA established a new  data 
collection partnership to conduct the ISPE of GETs.  
This time the Special Crash Investigations (SCI) teams 
were enlisted to  conduct detailed site investigations  
for serious injury and fatal crashes in specific study 
areas.  Appendix A provides case counts, by crash 
severity and agency partner for each device type, 
through March  31, 2017. 

What is an In-Service Performance Evaluation 
(ISPE)? 
The expected safety performance of GETs is 
initially assessed through full-scale crash tests; 
however, developers of these tests have long 
recognized that they could not rely solely on a 
limited number of tests to represent the full range 
of crash types, impact speeds, vehicle types, 
environmental conditions, road alignments, and 
device maintenance that would affect the in-
service performance of end treatments.  Thus, 
they recommended that asset owners evaluate 
the performance of in-service devices to 
determine if the device performs as anticipated in 
its design; to assess the collision and injury 

severity rates associated with actual use of the 
device; and to reveal any unsuspected problems 
that were not evident during the design phase.  
These evaluations could also provide insights to 
determine whether the crash test criteria 
themselves should be revised accordingly. 
 
ISPEs are generally the responsibility of asset 
owners.  While FHWA has taken the lead on 
conducting this pilot study with support from 
NHTSA, a strong collaborative effort with AASHTO 
and the state DOTs in this study may help to 
institutionalize these processes in other states. 
 
What is the scope of the Pilot ISPE of GETs? 

The two-year pilot data collection effort includes 
the following activities: 

· Develop a data collection plan with 
subject matter experts (SMEs) in the 
FHWA Office of Safety R&D, Office of 
Safety, and the Resource Center. 

· In cooperation with NHTSA, identify crash 
and asset management data elements 
and the degree of certainty with which 
these could be measured.   

· Develop data collection forms and crash 
notfication protocols. 

· Collect Data – now underway. 
· Develop database architecture.  
· Prepare a final report, compiling study 

documents, populated database, and 
lessons learned. 

Goal:  to serve as a template for states and other 
asset owners to effectively and efficiently perform 
their own ISPEs.  

METHODS AND SOURCES 

In August 2015, FHWA started to build relationships 
with NHTSA and five data collection partners, who 
were selected for the study based on a number of 
factors such as: reported inventory of the selected 
GETs; crash history involving GETs; geographic 
diversity; existence of relevent asset management 
systems; intereste and willingness to participate in 
the study, etc..  These relationships gave rise to 
agreements to collect data in each state based upon 
prescribed resources, including:  photographic 
guidelines, notification plans, data collection forms, 
and training. 
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Resource Development 

An ISPE would be impossible without accurate and 
timely data.To that end, FHWA and NHTSA SMEs 
spent months developing the study resources. This 
included: photographic data collection guidelines, 
notification plans tailored to the needs of each state, 
data collection forms with variables and their 
associated attributes, and targeted training for SCI 
and state data collectors. The resource development 
was constrained by: 

· what the ISPE was designed to collect, 
· which determined what data would be 

collected, 
· how the data would be acquired; and 

finally,  
· the optimum storage architecture. 

 
Photographic Guideline and Notification Plans 
The photographic guideline was developed to 
support three distinct activities: 

· notification of a serious injury orfatal crash 
· collection of property damage only (PDO) 

or/minor crash data 
· in-depth crash investigation. 

.  Photographs taken in accordance with the 
Photographic Guideline  serve as the first level of 
documentation in the notification plan used by state 
agencies to alert FHWA of relevant crashes.  The 
photographs serve to confirm the involement of a 
relevant end terminal, provide investigators with 
plannning details, and in the event of rapid repair, 
they document the crash site.  The second level of 
documentation involves photographs taken by 
maintenance personnel.  As seen in Appendix A, 
Figure 11, these photos taken from specified 
locations serve to document PDO and minor crashes.  
Minor crashes are crashes that produced an injury 
but did not merit ambulance transport.  The third 
level of documentation is data collected by the SCI 
teams.  This involves a full crash investigation with 
supplementary images, focusing on end terminal 
damage and performance.  Based upon this 
information, FHWA SMEs assess whether GETs were 
subjected to conditions prescribed by the crash 
testing standard that governed their installation.  
The ISPE of GETs has evolved with the changing 
guidance climate.  The originally prescribed devices, 
ET-2000, ET-Plus, FLEAT, SKT, X-Tension, and X-Lite, 
were National Cooperative Highway Research 

Program Report 350 (NCHRP, 2017) compliant.  
However many states are moving toward devices 
that meet the current standard established by the 
American Association of State Transportation 
Officials (AASHTO) Manual for Assessing Safety 
Hardware (MASH) testing (AASHTO, 2016).  For 
example, in October 2015 Missouri adopted the 
SoftStop – a MASH-comliant GET – and began 
reporting crashes involving this device to FHWA.  
California has also begun installing the SoftStop and 
discussions are underway with Caltrans to start 
collecting data on this device. 
 
Data Collection Forms The development of data 
collection forms was a multi-step process, that 
started with a  large number of preferred data 
elements initially specified by researchers and was 
narrowed to a smaller  analysis-ready data set 
that met the needs of the SME’s.  The data 
collection forms were then tailored to meet the 
needs of each agency. 
 
A basic study form was developed which included 
a description of the crash environment, 
identification of the end terminal type, and 
measurements of damaged and undamaged 
elements.  Some study partners are providing:  
photographs-only or a data collection form with 
photographs. Some cases also include additional 
state-provided materials.  Agencies operating 
under rapid repair policies generally use a 
combination of data collection procedures, in 
which some information on damaged devices is 
collected by state personnel to be shared with 
NHTSA SCI investigators, who may not be able to 
arrive at the scene before the damage is cleared 
or repaired. 
 
Training FHWA SMEs developed training to ensure 
appropriate data collection.  SCI teams were the first 
to receive training on the characteristics of the 
devices in the study, which supplemented their crash 
investigation expertise.   A similar format was used 
for training provided to the  Collision Analysis 
Reporting Section (CARS) of the Massachusetts State 
Police.  For state agencies, engaging in PDO/minor 
data collection, training was geared to their data 
collection preferences, i.e. photo-only or photo plus 
crash form. 
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EXEMPLAR DATA COLLECTION PRACTICES 

The following example will review data collection 
prescribed by the Photographic Guideline, photo 
locations 1 though 6.  (See Appendix A, Figure 11 for 
standard photo locations.) This section considers 
data collection design and data acquisition.  The 
figures contrast traditional, photo location 1, and 
targeted data collection, photo locations 2 through 
6, with the rectangular legends providing the 
location on a larger schematic (FHWA Safety R&D, 
2016). 

Figure 1 provides the first contrast of traditional 
(left) and targeted data collection (right).  
Traditionally, crashworthiness data sets offered 
images providing environmental context.  For this 
reason, photo location 1 documents the approach to 
the damaged end terminal, from 150 to 200 feet.  
Photo location 2, provides a closer view allowing  
positive identification of the GET.  Findings: 

· positive idenfitication of butt-weld, 
indicative of an ET-PLUS with a five-inch 
channel. 

· the kink appears to have been induced by 
moving the rail off the roadway and not by 
the impact event. 

 

Figure 1.  Traditional Photo Location 1 (left) and 
Targeted Photo Location 2 (right) 

Figure 2 provides a supplemental positive head 
identification, from photo location 3 on the traffic 
side.  This view also provides the context for 
guardrail, within the crash environment.  Images 
are only taken if either the lane has been closed 
or the data collector has been cleared to safely 
enter the active travel lane.  This view can be 
helpful for highly deformed GETs, as a comparison 
with Figure 1.  Although Figure 2 shows a repaired 
end terminal, this image is used primarily to 

illustrate a photo taken from location 3.  In most 
cases this would show a damaged end. 

 

Figure 2.  Traditional Photo Location 1 (left) and 
Targeted Photo Location 3 (right) 

Figure 3 provides the back view of the GET taken 
from photo location 4.  Findings: 

· appears post 2 performed as intended. 
· probable low speed impact, with 

extrusion of less than 1 panel length. 
· device may have been moved from traffic 

side to field side by maintenance forces. 

 

Figure 3.  Traditional Photo Location 1 (left) and 
Targeted Photo Location 4 (right) 

Figure 4 provides a look back toward the guardrail 
end terminal, from photo location 5 at 100 to 150 
feet away.  Photo location 5 complements the 
approach context, initially seen in photo location 
1. 
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Figure 4.  Traditional Photo Location 1 (left) and 
Targeted Photo Location 5 (right) 

Figure 5 shows adjacent terminal displacement 
with length of need displacement behind 
guardrail.  This is taken from photo location 6, on 
the field side looking toward the traffic side.  
Findings: 

· no unusual folds or tears in the ribbon. 
· condition suggests no existing damage to 

w-beam before impact event. 

 

Figure 5.  Traditional Photo Location 1 (left) and 
Targeted Photo Location 6 (right) 

Figure 6 provides multiple examples of post damage 
captured above the location.  Images of posts 
reamining in place are also instructive.  The lower 
left image uses a measuring wheel to highlight 
location of post hole. 

 

Figure 6.  Traditional Photo Location 1 (left) and 
Targeted Photo Location A (right) 

Although, the ISPE of GETs may rely on many 
different data sources, the photographs are the 
fundamental resource.  This exemplar provided a 
contrast of traditional data collection versus 
targeted data collection and the difference in 
information that can be obtained from these images.   

DATA STORAGE ARCHITECTURE 

FHWA used the Highway Safety Information 
System (HSIS) Program to develop a data storage 
architecture based upon early cases submitted by 
MoDOT.  The database will be anonymized to 
prevent disclosure of personally identifiable 
information, without losing its descriptive 
character.  It will be searchable, with flexibility to 
view both coded and graphic data, and platform 
agnostic, allowing the data to eventually be made 
available to other interested researchers.  This 
architecture is also meant to harmonize with 
eventual receipt of SCI data, which is currently 
unavailable as a result of the recent NHTSA data 
modernization. 
 
Current Development 

The current architecture was developed from 
baseline PDO/minor crash data collection forms.  
Although input from the participating states was 
used to improve the appearance of the forms and 
to add information, the architecture is based upon 
the baseline provided at the beginning of the 
study.
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Figure 7.  Electronic Data Input Form:  Crash Time 
General Time and Location Data 

 

Figure 8.  Electronic Data Input Form:  
Meteorological Data 

 

Figure 9.  Electronic Data Input Form:  General 
Installation information 

 

Figure 10.  Electronic Data Input Form:  Post 
Details 

Database Content 

The data architecture will accommodate coded 
and graphic data.  For graphic data only, FHWA 
data coders will follow the crash form and enter 
observable information.  No estimates will be 
made relative to measurements or meteorological 
conditions, unless supported by supplementary 
inputs.  These inputs might include but not be 
limited to:  maintenance summaries, police 
accident reports, maintenance inventories, and 
asset management systems. 

Database Expansion 
Not only will the database architecture 
incorporate the findings from five agencies, it will 
also serve as the repository for serious and fatal 
crashes.  NHTSA will continue to publish SCI 
reports on their website.  FHWA will publish 
searchable data for analysis purposes.  NHTSA and 
FHWA are in early discussions to create a flexible 
data set that might be joined to the PDO/minor 
database, developed by the HSIS Program.  NHTSA 
is slowly implementing their data modernization.  
FHWA will underwrite the development of the 
NHTSA SCI ISPE of GETs crash form.  Future data 
collection is envisioned; however, the financial 
and resource allocation needs are still pending.  
Currently, SCI investigators are funded through an 
Inter-Agency Agreement to provide support for 
this study. 

DISCUSSION 

The ISPE of GETs is the first of its kind.  The 
transition from crash test criteria defined in the 
NCHRP Report 350 (NCHRP,  to MASH Guidance 
(AASHTO, 2016) required some changes in 
practice and highlighted the value of good data 
when it comes to evaluating overall safety 
performance of these devices.   

What data has been and will be collected? 
To date only measurable, repeatable, and 
verifiable data has been collected.  Measurable 
data includes acceptable tolerances.  Data 
categories include but are not limited to the 
following: measurements of crash scene, crash 
reports, installation and maintenance records, and 
interviews of occupants. 

How will it be used? 
The data will be used to develop a template for 
use by states and other asset owners to effectively 
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and efficiently perform their own ISPEs.  This will 
help with assessing the degree of data collection 
that might be reasonably expected given available 
resources and the expected quality and potential 
use of the findings.  Finally, the data will be 
examined for trends and other factors that might 
inform new test procedures.  

Study Limitations 
ISPEs are normally conducted by states or local 
jurisdictions interested in evaluating the safety 
performance of devices installed on their system, 
but few have actually been carried out.  The lack 
of data, especially for minor and PDO crashes, has 
been one of the major limiting factors.  While this 
pilot study is one of the most comprehensive 
efforts to collect ISPE data on the full spectrum of 
crashes, historic crash trends suggest that a 
sufficient number of crashes may not occur during 
this two-year pilot study to draw statistically 
significant conclusions about the actual safety 
performance of each device.  However, several 
data collection best practices will be identified 
that could inform longer studies to assess the in-
service performance of roadside safety hardware. 
The pilot study will identify current challenges to 
conducting effective in-service performance 
evaluations and will recommend best practices for 
1) the collection of real-time data on crashes 
involving roadside safety hardware, 2) interagency 
communication at the State level regarding crash 
reporting, and 3) data management regarding 
hardware maintenance and inventory. 
 
Although small sample size is proving to be the 
biggest practical concern, the presence or lack of 
robust relationships among a variety of 
stakeholders has proven to be a foundational 
concern.  When agencies are not already working 
with diverse elements required to undertake such 
a study such as asset management and 
maintenance personnel and safety organizations, 
such as local law enforcement, collecting 
sufficient and accurate data in a timely manner 
can be a challenge.  Some agencies in this study 
have developed these relationships with great 
success.  One agency continues to struggle with 
this issue, which has hampered the full 

development and progress of the study.  Four of 
the five participating agencies have collected 
meaningful data, from which SMEs have been able 
to draw meaningful conclusions. 
 
PRELIMINARY CONCLUSIONS 
 
The first outcome of this study has been the 
creation of exemplar notification and data 
collection plans for five agencies, which could be 
used in whole or in part by other states to develop 
their own ISPEs.  Replicable methodologies have 
been developed to ensure that data can be 
collected and coded using the asset owner’s and 
stakeholder partners’ existing personnel.  This 
minimizes the need for specialized experience to 
conduct the ISPE and to analyze the resulting 
data.  Fatal and serious injury cases are being 
analyzed as they are collected.  Once the data 
collection is complete for this study, it will be 
assessed from a quantitative and qualitative 
perspective to identify lessons learned, good 
practices, and other findings relative to the safety 
performance of the devices in the study. 
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APPENDIX 
Table 1. 

Case Counts by Agency Partner and Device Type, as of 31 March 2017 
 

Agency/ 
Partner 

Trinity Highway Products, LLC 
Road Systems, 

Inc. 
Lindsay 

Corporation 
Total 

ET- 
2000 

ET- 
Plus 
Unk 

ET- 
Plus 
4" 

ET- 
Plus 
5" 

Soft 
Stop FLEAT SKT X- 

LITE 
X- 

Tension 

Caltrans/ 
SCI 0 0 0 0 0 0 0 0 0 0 

Caltrans 0 0 7 1 0 2 2 6 0 18 
MassDOT/ 
CARS 0 0 0 0 0 0 0 2 0 2 

MassDOT 0 0 18 1 0 0 2 20 0 41 
MoDOT/ 
SCI 4 0 8 0 2 0 8 3 0 25 
MoDOT 7 1 32 11 6 0 12 0 8 77 
PennDOT/ 
SCI 0 0 1 0 0 0 0 0 0 1 

PennDOT 4 9 3 1 0 0 9 3 0 29 
PTC/ 
SCI 0 0 2 0 0 0 1 0 0 3 
PTC 0 0 0 0 0 3 5 0 0 8 
Total 15 10 71 14 8 5 39 34 8 204 
Usually, SCI and CARS perform serious and fatal crash investigations.  MoDOT 
investigated a serious crash with repaired end terminal. 
State/Agency performs PDO and minor injury crash investigations. 

 
Table 2. 

Case Counts by Crash Severity and Device Type 
 

Crash 
Type 

ET- 
2000 

ET- 
Plus 
Unk 

ET- 
Plus 
4" 

ET- 
Plus 
5" 

Soft 
Stop FLEAT SKT X- 

LITE 
X- 

Tension Total 

PDO/ 
minor 11 10 60 14 6 5 30 29 8 173 

Serious/ 
fatal 4 0 11 0 2 0 9 5 0 31 

Total 15 10 71 14 8 5 39 34 8 204 
 
 
 

 



Evans 9 
 

 

Figure 11.  First Responder, Relevant Photo Exposures.  FHWA, 2016. 
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ABSTRACT 
 
The size and shape of occupants dictates their biomechanical response in any frontal crash.  Seatbelt is the 
primary occupant restraint equipment that reduces risk of serious injuries. The biomechanical response of the 
occupant is further improved in presence of airbag and advance technologies such as load limiter and pre-
tensioner.  Sufficient research and tests are available to assess the biomechanical response of a small female 
driver sitting close to the steering wheel in a frontal crash.  However, no or very less data is available for the 
response of a small female driver sitting sufficiently away from the steering wheel in a frontal crash scenario.  This 
study is more focused on the lower neck biomechanics of a small driver sitting sufficiently away from the steering 
wheel.   

A validated MADYMO model of a standard regulatory frontal crash test is used to test the hypothesis using the 
factorial design.  The factors selected are the steering-chest distance, D-ring height adjustment and the pulse type.  
The study shows that small females are vulnerable to high lower neck flexion moments with increase in the 
steering-chest distance (SCD). 
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INTRODUCTION 

The seatbelt in a vehicle is the primary restraining 
device for any crash mode.  Especially, in a frontal 
crash, the seatbelt dissipates the kinetic energy of 
the occupant in a controlled manner to increase 
their level of crash protection.  Furthermore, the 
seatbelt performance is enhanced by advanced 
technologies such as pre-tensioner and load limiter 
in the presence of supplemental airbag systems.  The 
optimum restraint performance in a frontal crash 
depends on all the restraining safety systems 
working together including the proper pelvic 
restraint from the vehicle seat.  This overall optimum 
performance ensures the seatbelt force transmission 
on desired stronger skeletal locations preventing any 
seatbelt induced injuries due to submarining 
[1,2,3,4,5,and 6].  The head and neck biomechanics 
in a frontal crash depends on the overall restraint 
performance in the absence of any head impact with 
the non-deploying vehicle interior.  The inertia of the 
head produces neck flexion moment and neck shear 
load.  The lower cervical spine is subjected to higher 
flexion moment compared to upper level.  However, 
the shear load remains almost constant along the 
entire length.  Figure 1 shows the schematics of 
flexion moment magnitude along the cervical spine 
induced by head inertia in a frontal crash for a 
properly belted occupant. 
 

 
Figure 1.  Flexion moment magnitude along the 
cervical spine induced by the head inertial load. 
 
The motivation for this study stems from a real life 
accident where a properly belted small statured 
female sustained severe lower neck injury.  She 
sustained C5-C6 Bilateral Facet Dislocation (BFD) 

causing her spinal cord injury.  She chose to sit 
sufficiently away from the steering wheel (SCD ≈16 
inches).  Her vehicle featured a conventional single 
loop seatbelt system equipped with advanced 
technologies such as belt pre-tensioner and load 
limiter.  The D-ring and the anchor point of the belt 
are mounted on the vehicle body. 
 
Bilateral facet dislocation (BFD) in the cervical spine 
includes hyperflexion, flexion-distraction, and 
flexion-compression as injury mechanisms [7,8].  The 
flexion moment is a significant component of this 
injury mechanism.  Punjabi et al.[9] successfully 
produced BFD in the laboratory by applying inertial 
load on the superior vertebrae when the inferior 
vertebrae were fixed.  In the frontal crash, the 
flexion moment acting on the lower cervical spine is 
dictated by the seatbelt performance in dissipating 
the occupant thorax energy. 
 
The aim of this study was to identify the significant 
factors exacerbating the lower neck flexion 
moments of a small female in a frontal crash 
scenario when she chose to sit sufficiently away 
from the steering wheel.  Females are at higher risk 
compared to belted male counterpart during vehicle 
collisions [10].  This study tests the hypothesis as 
below 
 
“ Farther seat position increases the risk of lower 
neck BFD for a small female occupant in a vehicle 
with a conventional belt system.” 

METHODOLOGY 

Sensitivity analysis using factorial design is employed 
to identify the significant factors and their 
interactions dictating the lower neck flexion values 
of a small stature female in a frontal crash. 
Online NHTSA crash test database was searched [11] 
to identify frontal barrier test with a 5th percentile 
ATD (Anthropomorphic Test Device) in which the 
ATD has positioned sufficiently away from the 
steering wheel (more than 8 inches steering-to-chest 
distance).  No test is available with the 5th percentile 
ATD in a situation where the Steering-to-Chest 
distance (SCD) was greater than 8 inches.  Crash test 
NHTSA 4419 was selected in which the 5th ATD was 
positioned close to the steering with approx. 8 
inches of SCD.  The vehicle in the test featured a 
conventional single loop seatbelt system equipped 
with advanced technologies such as pre-tensioner 
and load limiter. 
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Computational Model Overview 
 
MADYMO [12] model is employed to quantify 
desired response of lower neck flexion value to be 
used for the Factorial design.  The ATD and the 
vehicle interior were modeled and positioned 
according to the data produced in the test report.  
Figure 2 shows the initial model setup.  Red spheres 
in the model denote pre-test measurements of 
various locations.  The SCD in the model is set to 
200mm (7.87 inches) as per the test measurement.  
The computational model features seatbelt pre-
tensioner and load limiter.   
 

 
Figure 2.  Model set up using 5th ATD. 
 
Model Validation 
 
The biomechanical response of the ATD and the 
seatbelt loads are compared to check for the 
computational model validity.  Figure 3 shows the 
kinematic comparison of the test and the model.  
Figure 4 shows the shoulder belt comparison 
between the test and the model.  Figure 5 
demonstrates the comparison of resultant head 
acceleration between the test and the model.  Figure 
6 shows the comparison of chest deflection.  Figure 
7 displays the comparison between the thorax 
acceleration.  Figure 8 indicates the correlation 
between the model and the test for pelvic 
acceleration.  The comparison of the model and the 
test 4419 plots shows a good correlation.  Table 1 
demonstrates the comparison of upper neck Nij neck 
injury measure and Table 2 indicates the comparison 
of HIC (Head Injury Criteria) between the test and 
the model. 
 
 

 
Figure 3.  Head and neck kinematics comparison. 
 

 
Figure 4.  Shoulder belt load comparison. 
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Figure 5.  Head resultant acceleration 
comparison. 
 

 
Figure 6.  Chest deflection comparison. 
 

 
Figure 7.  Thorax acceleration comparison. 
 
 
 
 

 
Figure 8. Pelvic acceleration comparison. 
 

Table 1. 
Upper Neck Nij comparison 

 

 
 

Table 2. 
HIC Comparison 

 

 
 
Sensitivity Analysis Using Factorial Design 
 
The validated model is employed to conduct a 
factorial design at two levels.  The factors such as 
SCD, D-ring height, and the pulse type are 
investigated for their joint effect on the lower 
neck flexion value.  The NHTSA NCAP pulse is 
compared with the IIHS offset pulse.  Table 3 
shows the treatment combination and 
corresponding response as obtained using the 
computational model.  The low and high levels of 
factors selected are SCD at 8 inches, and 12 
inches, D-ring Height at 33 inches and 35 inches, 
and the pulse for NHTSA frontal and IIHS offset 
barrier. Figure 9 shows the half-normal probability 
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plot of factor effects shows the important SCD 
effect on the response compared to other factors.  
Figure 10 shows the Pareto chart showing the 
relative size of the effects clearly indicating the 
magnitude of SCD effect on the response [13]. 
 

Table 3. 
Treatment combinations and response for the 
design. 
 

SCD 
(Inches) 

D-Ring  
Height 
Inches 

Pulse 
Type 

Peak 
Flexion (N.m) 

8 33 NCAP 66 
12 33 NCAP 169 
8 35 NCAP 70 

12 35 NCAP 186 
8 33 IIHS 105 

12 33 IIHS 187 
8 35 IIHS 96 

12 35 IIHS 160 
 

 
Figure 9.  Half Normal plot with effect 
chosen(Appendix A). 
 

 
Figure 10.  Pareto Chart showing magnitude of 
SCD(Appendix A). 
The analysis of variance (ANOVA) shows the SCD 
as the most significant factor dictating the lower 
neck flexion moment.  The ANOVA also shows the 
D-ring height is insignificant in dictating the lower 

neck response.   The lower neck flexion moment 
increases as the SCD increases.  This relation is 
shown in Figure 11. 

 

Figure 11.  Lower neck peak flexion increases 
with SCD increase(Appendix A). 
 
 
DISCUSSION 
 

The ANOVA analysis clearly indicates SCD as the 
most significant factor affecting the lower neck 
flexion moment during frontal crash.  As the seat 
position is set backward in a vehicle with a 
conventional three-point single loop seatbelt 
system the lower neck flexion moment of a 5th 
percentile, ATD increased.  The tested hypothesis 
is correct.   

The belted thorax kinematics dictates the lower 
neck flexion moment.  The shoulder and lap belt 
configuration changes with the seat fore-aft 
position as two points are mounted on the vehicle 
body.  Figure 12 and 13 shows the change in belt 
configuration as the position is moved backward 
while increasing the SCD.  The belt angle about 
the horizontal and vehicle longitudinal axis 
increases with increase in the SCD.   
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Figure 12.  Increase in belt angle increase in SCD. 
 

 

Figure 13.  Increase in shoulder belt angle with 
respect to the longitudinal axis. 
 

The shoulder belt configuration for the higher SCD 
delays the thorax restraint.  This delay causes gain 
in its kinetic energy before the shoulder belt 
restrains it.  This phenomenon increases the chest 
deflection and exacerbates the lower neck flexion 
moment increasing the risk of BFD.  This 
phenomenon is explained in detail elsewhere [14].  
The shoulder belt configuration with the smaller 
SCD tends to restraint upper torso much earlier in 
the crash allowing gradual dissipation of the 
thorax kinetic energy.  Furthermore, the knee 
bolster is also effective in restraining the 
occupant.  In contrast, the higher SCD shoulder 
belt configuration allows upper body velocity 
build up before the shoulder belt restrains it.  This 
gain in velocity before restraint increases the 
lower neck flexion moment in small occupants 
who chose to sit away from the steering wheel. 
 
CONCLUSIONS 
 
The biomechanical response of the MADYMO 
model correlated very well with the NHTSA test 
4419.  This model was successfully used to 

conduct the sensitivity analysis using factorial 
design at two levels to test the hypothesis.  The 
conventional seatbelt performance degrades with 
the higher SCD for small occupants in context to 
their lower neck biomechanics.  Small occupants 
who chose to sit away (SCD >8 inches) from the 
steering wheel are at higher risk of lower neck 
flexion induced injuries in a frontal crash in a 
vehicle with the conventional three-point belt 
system. 
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APPENDIX A 

 

Figure 9.  Half Normal plot with effect chosen.  
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Figure 10.  Pareto Chart showing magnitude of SCD. 
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Figure 11.  Lower neck peak flexion increases with SCD increase. 
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ABSTRACT 
 
In December 2015 NHTSA announced the intention to introduce a new, modified USNCAP vehicle test 
protocol. Among other proposed changes NHTSA has announced the introduction of a new full vehicle crash 
test, frontal oblique, and the introduction of a new ATD - THOR. In the THOR, ankle xversion and dorsiflexion 
injuries may be predicted based on the bending moments calculated from the THOR lower tibia load cell 
readings.  These readings are transformed to the ankle joint location, and corrected through inertia 
compensation from acceleration readings measured at the mid-shaft of the tibia.  
This approach is subject to the following assumptions. First, the mid-shaft tibia mounted accelerometer is 
assumed to read the same acceleration as the ankle potentiometer block. Second, the mid-shaft tibia, distal 
tibia load cell, and ankle potentiometer block are assumed to move as a rigid body. Third, there must be no 
alternative load paths applying force or moment to the distal tibia between the tibia load cell and the ankle 
joint.  
The goal of this study was to examine oblique crash tests performed by NHTSA to observe mechanisms of 
loading of the ankle and distal tibia to elucidate the validity of the ankle joint moment calculations. We 
examined 35 USNCAP oblique crash tests with THOR dummies seated in both the driver and the passenger 
seat. From each crash test, we compared the calculated ankle joint moments to the joint angles read. Results 
were also compared to a series of oblique sled tests and component tests using THOR.  
The results indicate that there is often an inconsistency between the component/sled tests and full vehicle 
tests featuring THOR ATD when predicting ankle injuries. In several cases the calculated joint moment does 
not correspond with the ankle rotation angle expected from the biofidelity component requirements. This 
observation was made for both dorsiflexion and xversion. 
A case by case analysis of data points located away from the biofidelity corridor revealed multiple 
mechanisms responsible for the lack of comparable results between the biofidelity requirements and full 
vehicle crash tests. First, in some cases an alternative load path was present, applying a load to the distal 
tibia between the ankle and the load cell. Second, in multiple cases there was an interaction between the 
mid shaft of the tibia and interior of the vehicle that resulted in a short duration spike in the recorded tibia 
acceleration. Due to the proposed inertial compensation, the spike in the acceleration was carried over into 
the ankle moment calculation resulting in artificial moment prediction when no ankle rotation was present. 
Third, in several tests data acquisition problems were observed in the NHTSA tests (spiking channels, lost 
channels, or polarity errors) that resulted in incorrect or incomplete moment calculations pushing the results 
away from the biofidelity requirements. 
In conclusion, alternative load paths at the distal tibia, and acceleration spikes in the tibia can cause an 
inconsistency between the moment and angle read for the THOR LX ankle in crash tests.  Thus, the ankle 
moment calculation should be verified prior to applying to injury risk prediction to ensure that the results are 
not artefactual.
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INTRODUCTION 
 
On December 16th 2015 NHTSA released a 
Request for Comments (RFC) announcing the 
intension to introduce another USNCAP update. In 
the RFC, among other changes, NHTSA announced 
the intention to introduce a new frontal oblique 
test, and the use of THOR 50th percentile male 
anthropomorphic test device in the frontal 
oblique and full frontal tests [1].  
 
Frontal Oblique Crash Test 
In 2009 NHTSA published a report titled “Fatalities 
in Frontal Crashes Despite Seat Belts and Air Bags–
Review of All CDS Cases–Model and Calendar 
Years 2000-2007–122 Fatalities” [2]. The goal of 
this study was to identify why people were still 
dying in frontal crashes despite the introduction 
of the advanced protective measures (seatbelts, 
airbags, and crashworthy structures). The 
conclusions of this study were that many injuries 
or fatalities were attributed to the frontal crashes 
with poor structural engagement between the 
vehicle and its collision partner. These included 
corner impacts, impact with narrow objects, and 
heavy vehicle underrides [2]. 
 
Based on these results NHTSA suggested that 
“there is an opportunity for the agency to 
continue examining the oblique crash type that 
was identified as a frontal crash problem by 
NHTSA in 2009” [1]. This resulted in the 
introduction of the new frontal oblique test 
announced in 2015 USNCAP RFC. 
 
NHTSA’s frontal oblique test has been under 
development for multiple years [3, 4, 5, and 6]. 
NHTSA first initiated this research program by 
conducting a series of vehicle-to-vehicle crash 
tests to understand occupant kinematics, vehicle 
interaction, and damage patterns [3]. These tests 
were followed by barrier-to-vehicle tests using the 
MDB used in the FMVSS 214. These tests showed 
that a different design MDB is needed to 
reproduce the results from the vehicle-to-vehicle 
testing [4]. The design modification of the 
FMVSS214 barrier included wider face plate and 
an optimized honeycomb depth and stiffness, and 
the new barrier was referred to as the Oblique 
Moving Deformable Barrier (OMDB). 
 
NHTSA’s current draft for the frontal oblique test 
protocol specifies a 90kph OMDB impact into a 

stationary test vehicle with 15 deg angle and 35% 
overlap (Figure 5) [7]. NHTSA stated that the 
current test condition “has shown to be 
representative of a midsize vehicle-to-vehicle 15-
degree oblique, 50-percent overlap test, resulting 
in a 56 km/h (35 mph) delta-V” [1]. 
 
THOR ATD 
In the 1980s, the National Highway Traffic Safety 
Administration (NHTSA) initiated the development 
of an advanced frontal crash test dummy with 
improved biofidelity under frontal impact 
conditions. The design of the THOR-50M has been 
updated iteratively: the THOR Alpha (2001) [8], 
THOR-NT (2005) [9], THOR Mod Kit (2011~2013) 
[10], and THOR Metric (2014).  
 
THOR-50M features several updates in design 
compared to previous dummies, such as improved 
anthropometry, and improved design of neck, 
chest, shoulder, spine, and pelvis [11]. THOR also 
features advanced instrumentation for additional 
body regions that were not considered with HIII 
dummy. The HIII-50M ATD currently used in the 
full frontal crash test is instrumented to predict 
injury risk in head (HIC, AIS 3+), chest (deflection, 
AIS 3+), neck (Nij, tension, compression, AIS 3+), 
and femur (axial force, AIS 2+). In contrast, in the 
2015 USNCAP RFC announcment NHTSA proposed 
to utilize the THOR’s advanced mesurment 
capabilities to expand number of evaluated body 
regions. Proposed body regions included head 
(HIC, BrIC, AIS 3+), neck (Nij, CNij, AIS 3+), chest 
(multipoint thoracic injury, AIS 3+), abdomen 
(dynamic abdominal deflection, AIS 3+), pelvis 
(acetabulum load, AIS 3+), upper leg (femur axial 
force, AIS 2+), lower leg (revised tibia index, distal 
tibia force, proximal tibia force, dorsiflexion 
moment, inversion/eversion moment, AIS 2+) 
 
Among other changes THOR introduces a potential 
for predictive capability for injury assessment for 
lower extremities through the use of the THOR LX. 
THOR LX was envisioned as part of the 
development due to the biofidelity and 
instrumentation limitations of the lower leg of the 
Hybrid III dummy. The THOR-LX incorporates 
significantly improved biofidelity and expanded 
injury assessment capabilities [12] compared to 
the standard HIII lower extremity.  
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THOR LX Ankle 
The design of ankle assembly of the THOR-LX was 
aimed to generate two main motions of the ankle: 
dorsi/plantarflexion and inversion/eversion 
(Figure 1). Unlike the ankle of the Hybrid III, which 
has a ball joint, the ankle assembly of the THOR-LX 
consists of two pin joints, named for their 
anatomical analogues: the talocrural joint and the 
subtalar joint. The goal of this design was to 
maintain simplicity in the design and independent 
control of the torque-angle response in the two 
rotation directions. A third rotary joint is present 
in the distal tibia to allow internal/external 
rotation. Dorsiflexion motion occurs in the 
talocrural joint. Inversion/eversion motion occurs 
in the subtalar joint [13]. 
 

 
Figure 1: THOR LX talocrural and subtalar joint 
location [14]. 
 
A critical feature of both the talocrural and the 
subtalar joints is the ability to generate a non-
linearly increasing torque with increasing joint 
rotation angle. This feature is accomplished with 
two stiffness elements in each joint - and internal 
element and an external element (Figure 2). The 
internal element is called a “Rosta” - a typical 
vibration damper unit which consists of a small, 
square, metal insert rotating within a square 
metal housing containing four elastomeric inserts 
located at the corners of the housing. These 
provide a continuously increasing resistive torque. 
The rostas are intended to provide only the initial 
part of the torque-angle response, the external 
elements, or bumpers, are intended to provide 
the resistance beyond initial response range, until 
the final range of motion. The external element 

modulates the contact between metal faces on 
the ankle structure using an elastomeric element, 
acting as a soft joint stop limiting the range of 
motion [13]. A summary on the intended range of 
motion of the THOR-LX ankle assembly is shown in 
Table 1. 
 

 
Figure 2: Internal and external stiffness element 
used to generate non-linear joint stiffness [14]. 
 

Table 1. 
THOR LX design range of motion in each given 

direction [13]. 
 Range of motion 

Dorsiflexion 0-45°  
(int.: 0°-25°, ext.: 25°-45°) 

Plantarflexion 15°-60°  
(int.: 15°-45°, ext.: 45°-60°) 

Inversion/Eversion 0 ~ 40° 
(int.: 0°-12°, ext.: 12°-40°) 

Internal/External 
Rotation 0-10° 
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THOR LX Instrumentation. In addition to the 
advanced design features, the THOR-LX also 
introduces additional instrumentation to provide 
measures for the injury assessment. These include 
upper and lower tibia load cell, achilles cable load 
cell, tibia x and y accelerometers, foot triaxial 
accelerometer, and rotary potentiometers for 
dorsiflexion, xversion and internal rotation angle 
(Figure 3).  
 

 
Figure 3: THOR LX instrumentation [15] 

 
Dorsiflexion and Xversion injury measures. In the 
2015 RFC NHTSA described injury risk functions 
designed to evaluate the risk of malleolar 
fractures and ankle ligament injuries through 
calculation of the dorsiflexion and xversion 
bending moments at the ankle [1]. Since the lower 
tibia load cell, used for ankle moment calculation, 
is located about 100mm away from ankle joint, 
the loads and moments measured at the lower 
tibia load cell need to be transformed to 
determine the section moments at the ankle. This 
means that the ankle moment calculation includes 
the moment recorded at the load cell, and as well 
as the recorded shear force acting on a predefined 
moment arm (distance between the load cell and 
the ankle joint). The calculation of ankle moment 
additionally includes an inertial compensation 
component that accounts for the mass block 
located between the lower tibia load cell and the 
ankle joint. Ankle dorsiflexion moment calculation 
is shown in Equation 1, and ankle xversion 
moment calculation in Equation 2. 
 ( ) = − −       (Equation 1)  

 
Where: 
My - Y -axis moment measured at lower tibia load 
cell in Nm. 
Fx - X-axis force measured at lower tibia load cell 
in N. 
D - Distance between ankle joint and lower tibia 
load cell [0.0907m]. 
m - Mass between ankle joint and lower tibia load 
cell [0.72kg]. 
ax - X-axis acceleration of the tibia in m/s2 
 ( ) = + +       (Equation 2)  
 
Where: 
Mx - X -axis moment measured at lower tibia load 
cell in Nm. 
Fy - Y-axis force measured at lower tibia load cell 
in N. 
D - Distance between ankle joint and lower tibia 
load cell [0. 1054m]. 
m - Mass between ankle joint and lower tibia load 
cell [0.72kg]. 
ay - Y-axis acceleration of the tibia in m/s2 
 
It is important to note that the above 
formulations of ankle moments have been 
corrected and differ form of the ones published in 
the Appendix II of the 2015 RFC. The formulations 
published by NHTSA carried several errors. First, 
the xversion moment definition carried an 
erroneous polarity for shear force and 
acceleration. The above corrected definition 
assumes SAE J211 [16] sign convention. Second, 
the distance between the sensing plane of the 
lower tibia load cell and the ankle joint was 
assumed in the RFC to be equal for both loading 
directions. The correct distances were extracted 
from the draft of the THOR Qualification Manual 
[17] and included in the above definition. 
 
Study Goals 
As it represents a new potential tool for injury risk 
assessment, the goal of this study was to examine 
the dorsiflexion and xversion responses of the 
THOR LX ankle in available crash tests (frontal 
barrier and oblique MDB) to gain an 
understanding of the current state of performance 
in the fleet, and to identify any potential factors 
that may confound ankle injury prediciton using 
the THOR LX. 
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METHODS  
 
NHTSA Crash Test Database 
In December 2016 NHTSA’s crash test database 
was queried for vehicle crash tests featuring THOR 
ATD. The search yielded 112 results, including 
research oblique OMDB to vehicle impacts, as well 
as frontal 100 percent overlap barrier crash tests. 
The frontal oblique test database included 
impacts to the driver’s and passenger’s side, with 
35 and 20 percent overlap, and 7 and 15 degree 
impact angle. An in depth review of obtained data 
revealed that only 35 of the downloaded tests 
included complete channel count obtained from 
the THOR ATD data acquisition system. In the 
remaining tests, tibia accelerations, as well as 
lower tibia load cell Mx, My, Fx and Fy channels 
were not collected. Since these signals are 
necessary for calculating dorsiflexion and xversion 
moments at the ankle, any tests without the 
necessary channels were excluded from analysis 
(i.e., only the 35 tests with the complete data 
were included; Table 2). Among selected crash 
tests 14 were labeled as tests performed on 
“research vehicles”, for which neither video nor 
data obtained for the vehicle is available to public 
on NHTSA’s database website. However the data 
obtained by the equipment provided by NHTSA 
(the OMDB and the THOR) is made publicly 
available. Consequently, these tests provide 
additional data, useful for evaluating THOR LX 
performance in full vehicle crash test 
environment, even with incomplete vehicle and 
video information. 
 

Table 2. 
Vehicle crash tests selected for the evaluation of 
THOR LX ankle performance. Frontal-Vehicle-to-
Barrier (FVtB) and OMDB-to-Vehicle (OMDBtV). 

Test 
No. 

Test 
Type Vehicle Model 

Year 
9333 FVtB Chevrolet Malibu 2015 
9334 FVtB Toyota Highlander 2015 
9335 FVtB Ford F-150 2015 
9336 FVtB Mazda 3 2015 
9337 FVtB Honda Fit 2015 
9354 OMDBtV Subaru Forester 2015 
9476 OMDBtV Chevrolet Malibu 2015 
9477 OMDBtV Chevrolet Malibu 2015 
9478 OMDBtV Ford F-150 2015 
9479 OMDBtV Ford F-150 2015 
9480 OMDBtV Toyota Highlander 2015 

9481 OMDBtV Toyota Highlander 2015 
9482 OMDBtV Honda Fit 2015 
9483 OMDBtV Volvo S60 2015 
9572 OMDBtV Honda Fit 2016 
9573 OMDBtV Chevrolet Malibu 2016 
9574 OMDBtV Nissan Rogue 2016 
9585 OMDBtV Toyota Sienna 2015 
9586 OMDBtV Chevrolet Tahoe 2016 
9587 OMDBtV Ford F-150 2016 
9727 OMDBtV Chevrolet Malibu 2015 
9739 OMDBtV Research vehicle N/A 
9740 OMDBtV Research vehicle N/A 
9741 OMDBtV Research vehicle N/A 
9742 OMDBtV Research vehicle N/A 
9743 OMDBtV Research vehicle N/A 
9744 OMDBtV Research vehicle N/A 
9952 OMDBtV Research vehicle N/A 
9953 OMDBtV Research vehicle N/A 
9954 OMDBtV Research vehicle N/A 
9955 OMDBtV Research vehicle N/A 
9956 OMDBtV Research vehicle N/A 
9957 OMDBtV Research vehicle N/A 
9959 OMDBtV Research vehicle N/A 
9960 OMDBtV Research vehicle N/A 
 
Sled tests 
The results from sled tests were used in this study 
in order to compare THOR LX performance 
between vehicle crash test and sled test 
environments. Eleven sled tests were performed 
using a reverse acceleration servo-hydraulic sled 
system. A vehicle buck based on a genericized 
representation of a production vehicle was used, 
oriented in an oblique configuration relative to 
the sled velocity vector. The THOR-M50 ATD was 
seated in the driver’s seat in all reported sled 
tests. 
 
 
Data Processing. The data necessary for 
calculating ankle dorsiflexion and xversion injury 
metrics was extracted from all vehicle crash tests 
selected for the analysis and processed following 
the SAE J211 guidelines [16]. Extracted moment 
and force signals were debiased and filtered with 
a channel frequency class (CFC) 600 Hz filter. 
Extracted accelerations were filtered using CFC 
1000Hz filter. Ankle potentiometers signals were 
neither debiased nor filtered for the analysis. 
 
RESULTS 
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Vehicle Crash Test Results 
The available crash tests downloaded from NHTSA 
database (Table 2) were analyzed in terms of 
recorded ankle dorsiflexion and xversion 
responses. Only the driver data was analyzed for 
the Frontal-Vehicle-to-Barrier crash tests, since 
this is the only seating location where THOR M-50 
is used. Both the driver and the passenger data 
(with THOR in each position) was analyzed for the 
OMDB-to-Vehicle tests.  
 
For each test, the maximum recorded dorsiflexion 
moment was calculated using Equation 1, and 
plotted against the corresponding dorsiflexion 
angle recorded at the time of peak moment 
(Figure 4). Thirty oblique and 5 frontal crash tests 
resulted in a total of 130 data points (2 legs per 
occupant, 2 occupants per oblique test, 1 
occupant per frontal test).  
 
To provide a reference for the expected 
performance of the THOR LX ankle, the peak-
moment/angle datapoints from the crash tests 
were compared to the biofidelity requirement 
corridor for dorsiflexion, as well as typical 
dorsiflexion certification responses for the THOR 
LX (Figure 4). The biofidelity requirements were 
obtained from Crandall et al. 1996 [18]. A typical 
certification response in dorsiflexion was obtained 
from the dynamic ball of the foot impact, 
published during the development process of the 
THOR LX [19].  
 

 
Figure 4: Maximum calculated dorsiflexion 

moment vs corresponding dorsiflexion angle 
observed in crash tests, compared to the 

certification corridor for the THOR LX and a 
typical certification response 

 

Likewise, for each test the maximum and 
minimum recorded xversion moment was 
calculated using Equation 2, and plotted against 
corresponding xversion angle recorded at the time 
of max/min moment (Figure 5). Thirty oblique and 
5 frontal crash tests resulted in a total of 260 data 
points (2 readings per leg [max and min], 2 legs 
per occupant, 2 occupants per oblique test, 1 
occupant per frontal test).  
 
As with dorsiflexion, the max/min datapoints for 
xversion were compared to the certification 
targets and a typical certification response for the 
THOR LX (Figure 5). Design biofidelity 
requirements were obtained from Jaffredo et al. 
2000 [20]. A typical certification response in 
xversion was obtained from the quasi-static 
inversion tests, published during the development 
process of THOR LX [19].  

 
Figure 5: Maximum and minimum calculated 
xversion moment vs corresponding xversion 

angle observed in crash tests, compared to the 
biofidelity targets and a typical certification 

response for the THOR LX. 
 
Sled Test Results 
A similar analysis was performed on the data 
available from the sled tests series. The maximum 
dorsiflexion moment (Figure 6) and maximum and 
minimum xversion moments (Figure 7) were 
calculated using Equation 1 and 2, and plotted 
against the corresponding dorsiflexion and 
xversion angles. Eleven sled tests resulted in a 
total of 22 data points (2 legs per occupant, 1 
occupant per sled test) for dorsiflexion and 44 
data points (2 readings per leg [max and min], 2 
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legs per occupant, 1 occupants per sled test) for 
xversion. The biofidelity requirements, as well as 
the typical certification responses described 
above were also plotted for both dorsiflexion 
(Figure 6) and xversion (Figure 7).  
 

 
Figure 6: Sled test maximum calculated 
dorsiflexion moment vs corresponding 

dorsiflexion angle. 
 

 
Figure 7: Sled test maximum and minimum 

calculated xversion moment vs corresponding 
xversion angle. 

 
DISCUSSION 
 
Component vs Sled vs Crash Test Results 
The results presented above show a discrepancy 
between the expected moment-angle 
performance of the THOR LX ankle (described in 
the certification targets and typical certification 
responses) and the moment-angle relationship 
observed in the full vehicle crash tests. Both, 
dorsiflexion and xversion moments appear to be 

inconsistent with the recorded 
dorsiflexion/xversion angles. Figure 4 shows 
several test cases where a calculated dorsiflexion 
moment reaches a maximum value at the time 
when ankle joint is in plantarflexion (upper left 
quadrant of the graph in Figure 4). Similarly, 
Figure 5 shows several test cases where a 
maximum xversion moment occured during the 
negative ankle rotation, and vice versa (upper left 
and lower right quadrant in Figure 5, respectively). 
As a consequence, both the dorsiflexion (Figure 4) 
and xversion (Figure 5) results show a number of 
data points located away from the expected 
performance curves established for THOR LX. 
 
On the other hand, the sled test results were 
clustered around the biofidelity requirements and 
component certification performance curves 
(Figure 12 and Figure 13). In few sled test cases 
the THOR LX instrumentation recorded a positive 
dorsiflexion moment with the ankle joint 
potentiometer recording none or little 
dorsiflexion rotation. This was due to the fact that 
at low loads to the ankle joint, the ankle moment 
calculation was dominated by the noise of the 
acceleration signal. At higher loads the effect of 
the noise was overshadowed by the contribution 
of the shear force and bending moment 
components of the ankle joint moment 
calculation. 
 
 
In-Depth Crash Test Review 
Small performance differences are often expected 
between different types of test modes 
(component vs. sled vs. full vehicle tests). For 
example, the component tests are performed on 
stationary test rigs, consequently excluding the 
inertia compensation component in the 
calculations. As a result the acceleration term is 
not present in the ankle moment equation used in 
the component certification tests [17]. However, 
the analysis presented above suggests that there 
is a large discrepancy between the performance of 
THOR LX in full vehicle crash tests compared to 
both sled and component tests. In order to 
understand the difference between those test 
modes, an in-depth case by case review was 
performed to identify potential mechanisms of 
the differences. A case by case analysis revealed 
that in several of the full-vehicle crash tests the 
THOR LX data featured problems that artificially 
influenced the calculation of the maximum and 
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minimum ankle moment values. After a review of 
all the test data, the mechanisms for potentially 
artificial readings were subdivided into two 
separate categories: 
 

• Data aquisition (DAQ) problems 
• Confounding mechanical influences 

 
DAQ problems. In several tests of the tests 
downloaded from the NHTSA database there were 
problems with the data acquisition systems which 
influenced the calculated ankle moments. These 
included dropped channels, channel spikes, and 
inverted polarity on several recorded channels.  
 
Figure 8 shows an example of data that 
experienced DAQ problems. It depicts the results 
obtained for the passenger right foot in 
dorsiflexion, for test 9476. The figure shows the 
components of the ankle moment calculation 
associated with lower tibia load cell moment, 
force and tibia acceleration expressed in terms of 
their bending moment contribution. The resulting 
calculated dorsiflexion moment is shown at the 
top graph in the figure. The time history of the 
recorded dorsiflexion angle is shown in the plot at 
the bottom. The red dot indicated the time of 
peak calculated dorsiflexion moment.  
 
As can be seen in Figure 8 the shear force channel 
(Fx) drops out at approximately 62 ms. Since the 
shear force was occurring in such a way that it was 
subtracting away from the translated moment, 
when the shear force channel drops out the 
calculated moment artificially jumped up in 
magnitude.  
 
Since all three components, load cell bending 
moment, shear force and acceleration are critical 
for the calculation of the ankle moment, 
erroneous readings in any of these signals can 
result in substantial error in the ankle moment 
calculation. It is often the case that a shear load 
applied to the base of the foot will results in both 
bending moment and a shear force recorded at 
the lower tibia load cell, and both of these will 
cancel each other during the ankle moment 
calculation. An example of such loading conditions 
is shown in Figure 8. The shear force and bending 
moment balance each other out throughout the 
whole tests, except the portion of the signal 
where shear force records an erroneous value. 

This in turn drives the ankle moment calculation 
up and results in an erroneous maximum ankle 
moment calculation. As a result the THOR LX 
predicted, in this case, around 50Nm of 
dorsiflexion moment at 0deg ankle rotation. 
 

 
Figure 8: Calculated ankle moment components 
and angle. Test 9476, passenger right foot, 
dorsiflexion. 
 
In addition to test 9476, several other cases 
containing other DAQ errors were discovered in 
the analyzed crash test data. A detailed list of all 
the tests containing this type of error, along with 
the error description is available in the Appendix 
A. 
 
Confounding Mechanical Influences. Two 
assumptions are necessary for Equation 1 and 
Equation 2 to be valid in calculating resultant 
ankle moment.  
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First, any external loads acting through the ankle 
are assumed to act below the articulating ankle 
joint. These loads are transferred through the 
ankle joint and recorded by the lower tibia load 
cell. As a result it is assumed that no alternate 
load is applied to the distal tibia below the lower 
tibia load cell.  
 
Second, it is assumed that THOR LX assembly acts 
as a rigid body, and that the accelerations 
recorded at the mid-shaft tibia may be used for 
ankle assembly inertial compensation for the 
ankle moment. However, the tibia accelerometers 
are located approximately 180mm from the ankle 
joint assembly (Figure 3). 
 
During the in depth review, several tests showed 
mechanical phenomena that violated one or both 
of the assumptions described above. In several 
cases the pedal, knee bolster, or tunnel impacted 
into the distal tibia of the THOR-LX, resulting in an 
external load applied at a location between the 
ankle and the load cell. This violates the first 
assumption described above, as it represents 
application of a load through an alternate load 
wherein the recorded load is not reflective of the 
load passing through the ankle.  
 
Figure 9 and Figure 10 show an example of such a 
test. It depicts the results obtained for the driver 
right foot in dorsiflexion for test 9574. In this 
particular case, as the toepan deformed the brake 
pedal impacted driver’s right lower leg above the 
ankle joint assembly, between the ankle and the 
load cell. This event was recorded by the THOR 
DAQ at 0.04sec after the impact, and resulted in 
spikes in all three moment calculation 
components. Consequently, the THOR LX 
perceived a maximum dorsiflexion moment using 
the loads that did not pass through the ankle 
joint. As a result the maximum dorsiflexion 
moment was measured at a different time than 
the maximum dorsiflexion angle.  
 

 
Figure 9: Still frames extracted from test 9574 at 
0.030, 0.035, 0.040 and 0.045sec after the 
impact. 
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Figure 10: Calculated ankle moment components 
and angle. Test 9574, driver, right foot, 
dorsiflexion. 
 
In several cases local mid-shaft tibia impacts 
resulted in accelerometer spikes that were carried 
onto the ankle moment calculation influencing the 
results. Some of the observed spikes were 
associated with the tibia impacting the knee 
bolster, and in some cases they were a result of a 
knee airbag deployed into the tibia in the vicinity 
of the accelerometer.  
 
Figure 11 shows a sample case where a knee 
airbag deployment influenced the accelerometer 
signal. It depicts the results obtained for the 
driver right foot in xversion, for test 9481. In this 
given test the knee airbag deployed at about 
0.02sec, and came in contact with the mid-shaft 
tibia region. This impact resulted in high 
amplitude, short duration acceleration, which in 
turn dominated the calculated xversion ankle 
moment. As a result, the maximum and minimum 
xversion moment was erroneously calculated at a 
time when there was no perceivable change in 
ankle xversion orientation. 
 

 
Figure 11: Calculated ankle moment components 
and angle. Test 9481, driver, right foot, xversion. 
 
Several other cases exhibited similar confounding 
mechanical phenomena that resulted in erroneous 
ankle moment calculations. A detailed list of all 
the tests containing this type of error, along with 
the error description is available in the Appendix 
A. 
 
Reduced data set 
The entire dataset was reviewed on a case-by-case 
basis, and all cases that had either DAQ problems 
or were identified to show artificially confounding 
mechanics were eliminated from the data set. 
Additionally all of the tests performed on research 
vehicles (Table 2) were also excluded from the 
reduced data set since no video was available for 
their in depth review.  
 
A total of 148 ankle measures (20 for frontal and 
128 for oblique) for both dorsiflexion and xversion 
were reviewed in detail. Descriptions of the 
channel by channel data review, as well as the 
underlying cause for elimination from the data set 
are listed in Appendix A. Table 3 shows the 
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breakdown of the reviewed data. Out of 148 
reviewed ankle measures 11% (16) displayed 
problems associated with the data acquisition, 
and 18% (27) were classified as tests violating one 
of the two THOR LX mechanical assumptions, thus 
displaying incorrect THOR LX mechanics. 
 

Table 3. 
The summary of the in-depth review of the 
available crash test data. 
Free of error 105 71% 
DAQ problems 16 11% 
Incorrect mechanics 27 18% 
Total 148 100%
 
Following the in-depth review and exclusion of 
data with DAQ problem or artificially confounding 
mechanics, the reduced data set was again plotted 
in terms of the maximum dorsiflexion moment 
and max/min xversion moment vs corresponding 
angle. Figure 12 shows the dorsiflexion data set, 
and Figure 13 shows the xversion data set.  
 
After eliminating the data with apparent DAQ 
issues and THOR-LX mechanics problems, the 
remaining data clustered around the expected 
performance curves. As a result, the scatter of the 
quality-controlled crash test data closely 
resembles the results obtained from the available 
sled tests. 
 

 
Figure 12: Maximum dorsiflexion moment vs 

corresponding dorsiflexion angle from the crash 
tests. Reduced, quality-controlled crash test 

data. 
 

 
Figure 13: Maximum and minimum calculated 
xversion moment vs corresponding xversion 
angle from the crash tests. Reduced, quality-

controlled crash test data. 
 
CONCLUSIONS 
 
This study examined the range of performance 
and potential confounding issues for the ankle 
moment-angle response for the THOR-LX in 
publicly available vehicle crash tests. After 
comparing peak moment-angle responses, a case 
by case analysis of data points located away from 
the expected component performance curves 
revealed multiple mechanisms that may confound 
the calculation of ankle moments for the THOR LX 
in crash tests.  
 
First, in some cases the pedals, IP, or tunnel struck 
the distal tibia between the tibia load cell and the 
ankle, resulting in a reading in the load cell not 
reflective of the moment passing through the 
ankle (an alternative load path).   
 
Second, in multiple cases there was an interaction 
between the mid shaft of the tibia and interior of 
the vehicle (including, in some cases, interaction 
with a deploying knee airbag) that resulted in a 
short duration spike in the tibia acceleration. Due 
to the inertial compensation present in the 
current formulation, the spike in the acceleration 
was carried over into the ankle moment 
calculation resulting in an artificial spike in the 
ankle moment calculation when no ankle rotation 
was present.  
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Third, in several cases data acquisition problems 
were observed (spiking channels, lost channels, or 
polarity errors) that resulted in incorrect or 
incomplete moment calculations drawing the 
results away from the expected performance. 
 
In conclusion, in full vehicle crash tests calculation 
of the dorsiflexion and xversion moments in the 
ankle of the THOR LX can be confounded by 
alternative load paths (between the distal tibia 
load cell and the ankle), spikes in the mid-tibia 
accelerometer, or data acquisition problems that 
cause spiking or dropout of any of the constituent 
data channels. Careful quality control is necessary 
when using the THOR LX in full vehicle crash tests 
to ensure accurate capture and interpretation of 
the moments in the ankle. 
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APPENDIX A 
 

Table A1 
Channel by channel data review of THOR LX ankle performance in the available crash tests. The mechanisms 
for potentially artificial readings were subdivided into two separate error categories: DAQ problems (1), and 
confounding mechanical influences (2). 

Test 
# Occupant Leg Mech. 

Error 
Category Type of recorded 

problem 
Underlying cause of a 

problem 
1 2 

93
33

 

Driver 
Right 

DF   
 

Moment spike Unknown 
XV 

 

  Acceleration spike 

Left 
DF         
XV         

93
34

 

Driver 
Right 

DF   
 

Acceleration spike KAB - accelerometer impact 
XV 

 

  Inverted polarity    

Left 
DF   

 

Acceleration spike KAB - accelerometer impact 
XV   

 

Acceleration spike KAB - accelerometer impact 

93
35

 

Driver 
Right 

DF         
XV 

 

  Acceleration spike 

Left 
DF         
XV         

93
36

 

Driver 
Right 

DF         
XV         

Left 
DF         
XV         

93
37

 

Driver 
Right 

DF         
XV         

Left 
DF         
XV         

93
54

 Driver 
Right 

DF 
 

  Inverted polarity    
XV   

 

Acceleration spike KAB - accelerometer impact 

Left 
DF 

 

  Acceleration spike   
XV 

 

  Acceleration spike   

Pass. 
Right 

DF         
XV 

 

  Force spike   

Left 
DF         
XV         

94
76

 Driver 
Right 

DF 
 

  Acceleration spike   
XV         

Left 
DF         
XV   

 

Shear force spike Left side tunnel impact 

Pass. 
Right 

DF 
 

  Force zero signal   
XV         

Left 
DF         
XV         

94
77

 Driver 
Right 

DF         
XV         

Left 
DF   

 

Acceleration spike KAB - accelerometer impact 
XV   

 

Acceleration spike KAB - accelerometer impact 

Pass. 
Right 

DF         
XV         

Left 
DF         
XV         
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Table A1 (continued) 
 

Test 
# Occupant Leg Mech. 

Error 
Category Type of recorded 

problem 
Underlying cause of a 

problem 
1 2 

94
78

 Driver 
Right 

DF         
XV   

 

Acc, force, mom, spike Pedal Impact 

Left 
DF 

 

  Force spike   
XV 

 

  Force spike   

Pass. 
Right 

DF         
XV 

 

  Inverted polarity   

Left 
DF         
XV         

94
79

 Driver 
Right 

DF         
XV         

Left 
DF   

 

Acceleration Spike Knee bolster impact 
XV   

 

Acceleration Spike Knee bolster impact 

Pass. 
Right 

DF         
XV         

Left 
DF 

 

  Force/Moment spike   
XV         

94
80

 
 

Driver 
Right 

DF   
 

Acceleration Spike KAB - accelerometer impact 
XV   

 

Acceleration Spike KAB - accelerometer impact 

Left 
DF 

 

  Force spike   
XV   

 

Acceleration Spike KAB - accelerometer impact 

Pass. 
Right 

DF         
XV         

Left DF         
XV         

94
81

 
 

Driver 
Right 

DF   
 

Acceleration Spike KAB - accelerometer impact 
XV   

 

Acceleration Spike KAB - accelerometer impact 

Left 
DF   

 

Acceleration Spike KAB - accelerometer impact 
XV   

 

Acceleration Spike KAB - accelerometer impact 

Pass. 
Right 

DF         
XV         

Left DF         
XV         

94
82

 Driver 
Right 

DF         
XV         

Left DF         
XV         

Pass. 
Right 

DF         
XV         

Left 
DF         
XV         

94
83

 Driver 
Right 

DF         
XV         

Left 
DF         
XV   Shear force spike Pedal impact 

Pass. 
Right 

DF         
XV         

Left 
DF         
XV         
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Table A1 (continued) 
 

Test 
# Occupant Leg Mech. 

Error 
Category Type of recorded 

problem 
Underlying cause of a 

problem 
1 2 

95
72

 Driver 
Right 

DF         
XV         

Left 
DF         
XV 

 

  Force spike   

Pass. 
Right 

DF         
XV         

Left 
DF         
XV         

95
73

 Driver 
Right 

DF         
XV         

Left 
DF         
XV   

 

Acc, Force spike KAB impact, tunnel impact 

Pass. 
Right 

DF         
XV         

Left 
DF         
XV         

95
74

 Driver 
Right 

DF   
 

Acc, Force, Mom spike Brake pedal impact 
XV   

 

Acc, Force, Mom spike Brake pedal impact 

Left 
DF         
XV         

Pass. 
Right 

DF         
XV         

Left DF         
XV         

95
85

 Driver 
Right 

DF         
XV   

 

Acc, Force spike Brake pedal impact 

Left 
DF         
XV         

Pass. 
Right 

DF         
XV         

Left DF         
XV         

95
86

 Driver 
Right 

DF   Acc, Force, Mom spike Mid-tibia knee bolster impact 
XV   Acc, Force, Mom spike Mid-tibia knee bolster impact 

Left DF   Acc, Force, Mom spike Mid-tibia knee bolster impact 
XV   Acc, Force, Mom spike Mid-tibia knee bolster impact 

Pass. 
Right 

DF         
XV         

Left 
DF         
XV         

95
87

 Driver 
Right 

DF         
XV         

Left 
DF         
XV         

Pass. 
Right 

DF         
XV         

Left 
DF         
XV    Force spike   
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Table A1 (continued) 
 

Test 
# Occupant Leg Mech. 

Error 
Category Type of recorded 

problem 
Underlying cause of a 

problem 
1 2 

97
27

 

Driver 
Right 

DF         
XV         

Left 
DF         
XV         

Pass. 

Right 
DF         
XV         

Left 
DF         
XV         
XV         
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ABSTRACT 

Two way cycle lanes are common in Germany especially in rural areas. However, sometimes they are also used 
within city limits. There are special accident risks connected with two way cycle paths. These are in towns at 
crossings where especially the drivers of motorised vehicles often do not consider cyclists using the left side cycle 
path and in rural areas at points where the cyclists need to cross the main road in order to get to the cycle path. 
For this study data from GIDAS (German In Depths Accident Study) is analysed which is based on a representative 
accident sample that is collected in the cities and surrounding areas of Dresden and Hannover. It is important to 
know that in the town of Hannover cycle paths are considerably often designed as two way cycle paths while this is 
not the case in Dresden. There are about 1,500 cyclists in the GIDAS sample that were involved in an accident using 
the left cycle path inside city limits and about 50 outside city limits. Both groups are almost similar in size 
compared to the cyclists that are using the cycle path on the right side. This paper analyses accident risks for 
cyclists using the left cycle path compared to those using the right one. There is also a comparison between those 
that used the left cycle path where it was allowed to those that used the left cycle path where it was not allowed. 
The analysis is conducted also by comparing the Dresden data to the Hannover data in order to analyse whether or 
not there are differences for the two cities with different cycle path design policies. In the scope of this study 
scenarios were created for conflicts of vehicles with cyclists at junctions in towns, while accidents in rural areas 
where the cyclists need to cross the main road due to only one available cycle path could not be identified 
efficiently enough from the database. In general for the accidents at junctions in towns the analysis revealed that 
accidents with cyclists travelling on the left bicycle path (allowed or not) are not prone to a higher accident risk 
where a road user turns off the main road. There is however a higher risk at junctions where a road user crosses 
the bicycle path to enter the priority road which is influenced by the observation strategy of the entering vehicle. 
The comparison of the accident situations of the cities Dresden and Hannover also revealed that seemingly there is 
no “training effect” in Hannover meaning that the road users there could be more used to bicyclists on the left 
cycle path. 
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INTRODUCTION 

The cycle path design has an important influence on 
cycling safety [1] - [4]. One of the design factors 
potentially influencing the accident risk is whether or 
not the cycle path is promoted as a bi-directional 
bicycle path. While it is common to use bi-directional 
cycle paths in rural areas mainly to save 
infrastructure costs there is a trend in some regions 
to promote also bi-directional cycle path designs in 
urban areas. The speciality of bi-directional cycle 
paths in urban areas is that there are normally cycle 
paths on both sides of the road and both sides can 
be used in both directions. The authors believe that 
this design is chosen in order to facilitate and thus 
promote cycling in urban areas. 

The main safety implication that may result from bi-
directional cycle paths in rural areas are at points 
where the cyclists need to cross the main road (e.g., 
at the city limits where there is a change from uni-
directional cycle path design at both sides of the 
road to bi-directional cycle path design at one side 
only) and conflicts with motorists at intersections 
within city limits where the motor-vehicle driver 
does not consider cyclists using the left cycle path.  

The objective of this paper is to analyse safety 
implications resulting from the use of the left bicycle 
path. In order to achieve this objective in-depth 
accident data of cyclists using a bicycle path is 
analysed with a special focus on the side of the road 
on which the bicycle path is located and whether or 
not it was allowed to use the left bicycle path in 
cases it was used. 

METHOD 

The study is based on GIDAS in-depth accident data. 
GIDAS (German In-Depth Accident Study) is the 
largest and most comprehensive in-depth road 
accident study in Germany. Since mid-1999, the 
GIDAS project investigates about 2,000 accidents per 
year in the areas of Hannover and Dresden and 
records up to 3,000 variables per crash. The project 
is supported by the Federal Highway Research 
Institute (BASt) and the German Association for 
Research in Automobile Technology (FAT) [6]. The 
sponsors and the investigation teams have access to 
the data.  

In GIDAS, road traffic accidents involving personal 
injury are investigated according to a statistical 
sampling process using the “on-the-scene” 

approach. This means that teams are called promptly 
after the occurrence of any kind of road traffic 
accident with at least one injured person occurring in 
determined time shifts. In addition, the investigation 
areas were chosen in accordance with the national 
road network characteristics and the share between 
built-up areas and non-built-up areas.  

The detailed documentation of the accidents is 
performed by survey teams consisting of technical 
and medical staff supported by specially trained 
students,. The data scope includes technical vehicle 
data, crash information, road design, active and 
passive safety systems, accident scene details and 
causes of the accidents.  

In the GIDAS data set, the injury severity is described 
following the national statistics metrics but also 
using the AIS (Abbreviated Injury Scale describing the 
mortality risk in an ordinal scale ranging from AIS 0 – 
uninjured to AIS 6 – no medical treatment possible, 
i.e. 100% mortality risk [7]) code for every individual 
injury. In order to summarise the whole body injury 
severity, especially for victims with multiple injuries, 
the Maximum AIS (MAIS) is used. Because of the 
more detailed nature of the AIS scale, this scale is 
used as metrics for the analysis in this paper. 

The causes of the accident are manly analysed using 
the Type of Accident and ACAS (Accident Causation 
Analysis System).  

For this study it is important to know that in the city 
of Hannover a large number of cycle paths are 
promoted for bi-directional use while there are very 
few in Dresden. 

Furthermore it is important to have at least an idea 
about the exposure of cyclists using the right and the 
left bicycle path. In order to get an insight into the 
distribution of the usage of the left and the right 
bicycle path a field observational study was 
conducted in Hannover. 

Type of Accident 

The type of accident provides valuable information 
concerning the conflict situation that resulted in the 
accident, i.e. a phase in the traffic situation where 
the further course of events could no longer be 
controlled because of improper actions or some 
other cause. The Type of Accident does not describe 
the actual collision but indicates how the conflict 
was touched off before the possible collision.. The 



Johannsen  3 

following seven main types of accidents are 
distinguished [8]: 

1. Driving accident: The accident was caused by the 
driver’s losing control of his vehicle (due to 
unadapted speed or misjudgement of the course 
or condition of the road, etc.), without other 
road users having contributed to this. As a result 
of uncontrolled vehicle movements, however, a 
collision with other road users may have 
happened. A driving accident does not include 
accidents in which the driver lost control of his 
vehicle due to a conflict with another road user, 
an animal, r an obstacle on the carriageway, or 
because of a sudden physical incapacity or a 
sudden defect of the vehicle. In the course of the 
driving accident, the vehicle may collide with 
other road users, so that it is not necessarily a 
single vehicle accident. For this study, the loss of 
control may be caused by either of the two 
opponents (bicycle or motor-vehicle). 

2. Accident caused by turning off the road: The 
accident was caused by a conflict between a 
vehicle turning off the main road and another 
road user approaching from the same or 
opposite direction (incl. pedestrians) at crossings, 
junctions and drive ways or car parks. A road user 
following the priority turn of a main road is not 
considered as turning off, examples see Figure 1 

  

  

Figure 1.  Example cases of turning-off accidents. 

3. Accident caused by turning into a road or by 
crossing it: The accident was caused by a 
conflict between a road user turning into a 
priority road or crossing it and a vehicle on the 
priority road (with the right of way) at crossings, 

junctions, or drive ways and car parks. In contrast 
to turning-off the road accidents where the 
participants are using the same road in this type 
of accident the participants are coming from 
crossing roads. Examples are shown in Figure 2. 

  

  

Figure 2.  Example cases of turning into a road or 
crossing it accidents (similar for vehicles that are 
entering the crossing and turning). 

4. Accident caused by a pedestrian crossing the 
road:  The accident was caused by a conflict 
between a vehicle and a pedestrian on the 
carriageway, unless the pedestrian walked along 
the carriageway and unless the vehicle turned off 
the road.. Even if the pedestrian who caused the 
accident was not hit, the accident is classified as 
caused by a pedestrian crossing the road. A 
collision with a pedestrian walking along the 
carriageway is recorded as an accident type no. 
6. 

5. Accident involving stationary vehicles: The 
accident was caused by a conflict between a 
moving vehicle and a parked/stopping vehicle or 
a vehicle manoeuvring in connection with 
parking/stopping. Accidents with vehicles only 
waiting because of the traffic situation are not 
included.  

6. Accident between vehicles moving along on the 
carriageway: The accident was caused by a 
conflict between road users moving in the same 
or opposite direction, unless this conflict belongs 
to a different type of accident.  

7. Other accident: This includes all accidents that 
cannot be allocated to any other type of 
accident. Examples: U-turning, reversing, 



Johannsen  4 

accidents between parked vehicles, obstacle or 
animal on the carriageway, sudden failure of the 
vehicle (brake failure, defective tyre, etc.). 

In addition to the main accident types the Type of 
Accident is coded more in detail in the three digit 
Type of Accident. Here further information is given 
w.r.t. the direction of travel of the accident 
participants and the intended manoeuvre, e.g., right 
turning vehicle in conflict with a bicycle in opposite 
direction using the cycle path on the cyclist’s left 
side. 

ACAS 

The causes of the accidents are described by using 
the methodology of the Accident Causation Analysis 
System developed by Hannover Medical School [9]. 
The identification of the accident causes is done by 
means of a structured interview with the accident 
participants or witnesses on scene or at hospital. If 
no interview is possible in some cases the 
information is collected from police reports or expert 
opinion of the accident researchers.  

ACAS collects accident causation factors with a focus 
on the human causes, which are identified and 
classified in 5 categories. 

The 5 categories of human factors are: 

• information access 
• information admission 
• information evaluation 
• planning 
• operation 

Except for the first category (information access) the 
following four categories refer to a chronological 
sequence of human basic functions, which were 
active during the pre-crash phase in the situation of 
the accident emergence and in which failures of the 
road users are identified that had contributed to the 
causation of the accident.  

Besides the human factors also accident causation 
factors that are vehicle based or environmental 
based are considered. According to the ACAS 
methodology especially for the environmental based 
factors only sudden changes of the environment are 
considered so that e.g. precipitation per se is not a 
causal factor.  

It has to be noted that, if relevant, multiple 
causation factors can be assigned to one accident 
participant. In addition accident participants who are 

not the main causers of the accident also may not 
have been assigned with a causation factor. ACAS 
codes are only available from the cases of the 
Hanover Accident Research Unit for cases from 2008 
or later. In this study only cases from 2011 and later 
are used. 

Evaluation of Exposure 

In order to have an insight concerning the exposure 
of cyclists at the right vs. the left cycle path a field 
observational study was conducted at 7 locations 
with cycle paths in the city of Hannover. The 
locations were selected to represent sections with 
and without allowed use of the left cycle path. At 5 
locations the use of the left cycle path was allowed 
while it was not allowed at 2 locations. At each 
location 72 cyclists were observed. 

DATA ANALYSIS 

The enquiry of the GIDAS database from the years 
1999 to 2016 included 33,731 accidents of which 
30,533 were available for analysis. These cases 
included 59,037 accident participants with 9,626 
cyclists. Of these cyclists 9,352 had a known injury 
severity and were used for this study. These cases 
consist of 4,143 involved cyclists from the city of 
Dresden and 5,209 cyclists from the city of 
Hannover. The majority of these cyclists were 
involved in accidents that occurred inside city limits 
so in Dresden only 137 cyclists (3.3%) had an 
accident outside city limits and in Hannover only 200 
cyclists (3.8%) had an accident outside city limits, 
respectively. 

As a base for the comparison of different accident 
scenarios with cyclists travelling on cycle paths the 
availability of accident cases with a cyclist travelling 
on a cycle path is displayed in Table 1. 
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Table 1. 
Distribution of bicycle path usage for cyclist-

accidents in Dresden and Hannover 

 Dresden Hannover 

Cyclist on bicycle path 
on the left side of the 
road and usage 
allowed in this 
direction 

85 
(6.5%) 

670 
(24.3%) 

Cyclist on bicycle path 
on the left side of the 
road and usage not 
allowed in this 
direction 

419 
(31.9%) 

651 
(23.7%) 

Cyclist on bicycle path 
on the right side of the 
road. 

809 
(61.6%) 

1431 
(52.0%) 

Considerably more accidents of cyclists using a 
bicycle path occurred in Hannover than in Dresden. 
The distribution of the cycle path used by the cyclist 
at the time of the accident shows that in Hannover 
many more accidents happened when the cyclist had 
used the left cycle path and was allowed to do so. 
This is obviously a result of the fact that in Hannover 
the use of the left cycle path is often allowed while 
this is not the case in Dresden. The higher share of 
bicycle accidents in Hannover could be the result of 
special actions in the region of Hannover to promote 
cycling which results in a higher share of bicycle use 
in Hannover (19% in 2011 [10]) compared to 
Dresden (12% in 2013 [10]). Both cities show 
increasing trends. 

The analysis of the data obtained from the field 
study revealed that 26% of the observed cyclists 
used the left cycle path. Interestingly the share was 
almost similar independent of the legal situation 
(27% where it was not allowed to use the left cycle 
path and 26% where it was allowed). 

Accident Scenarios 

There are two main categories of accident scenarios 
which arise from two way cycle paths. The first, most 
common category includes scenarios where there is 
a conflict between a non-priority vehicle turning at a 
crossing or entering a crossing and a cyclist that is 
travelling on the cycle path. These accident scenarios 
are mainly found inside urban areas. The second 
category of scenarios includes accidents where there 

is a conflict between cyclists having to cross the road 
because of the availability of only one bi-directional 
bicycle path on the left side of the road. The 
accidents of this scenario are mostly found outside 
urban areas. This paper studies the first category 
only. 

For this study the accident scenarios are identified 
from the GIDAS database by using the type of 
accident and the information on the usage of the 
bicycle path (bicycle path on the right side, bicycle 
path on the left side and usage allowed in this 
direction or bicycle path on the left side and usage 
not allowed in this direction). 

The relevant types of accident which describe the 
conflict of a road user with a cyclist travelling on the 
cycle path at junctions and crossing are combined in 
scenarios. As bi-directional cycle paths are less 
common in the city of Dresden than in the city of 
Hannover the case numbers are divided into cases 
from the Dresden team and into cases from the 
Hannover team to identify differences in the 
incidence of the different scenario types. In general 
the analysis revealed that less accidents of road 
users with cyclists on cycle paths occurred in 
Dresden (1,051 cases) than in Hannover (2,042).  

Scenario 1.1: At a junction a road user turns to the 
left and has a conflict with a cyclist travelling on the 
parallel cycle path. 

When comparing the accident situation of this 
scenario (Table 2) to all accidents with cyclists on 
cycle paths (Table 1) it can be noticed that in both 
cities accidents of this scenario occur particularly 
often with cyclists travelling on the right side of the 
road (Dresden: 76% at this scenario vs 61% at all 
other accidents; Hannover: 73% at this scenario vs. 
51% at all accidents). This deviation is statistically 
significant in Dresden (chi²=6.96, p<0.01) and in 
Hannover (chi² = 31.42, p < 0.0001). Note that for 
the calculation of the significance the cases shown in 
Table 1 were reduced by the number of cases of the 
scenario in order to compare the cases of the 
scenario with the other cases. This is also true for 
the following scenarios.  

Compared to the exposure data obtained from the 
field observational study the accident risk for cyclists 
at the left side appears to be similar to those using 
the right cycle path (approx. 26% of the involved 
cyclists in this scenario used the left cycle path 
compared to 26% of cyclists using the left cycle path 
in the field study). 
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Table 2. 
Accident case numbers for the scenario 1.1 where at a junction a road user turns to the left and has a conflict 

with a cyclist travelling on the parallel cycle path 

Accident type Usage of bicycle path from the 
perspective of the cyclist 

GIDAS accident cases 

Dresden Hannover Total 

 

Bicycle path on the left side of the road 
and usage allowed in this direction. 4 (5%) 24 (14%) 28 (11%) 

 

Bicycle path on the left side of the road 
and usage not allowed in this direction. 14 (19%) 23 (13%) 37 (15%) 

 

Bicycle path on the right side of the 
road. 57 (76%) 125 (73%) 182 (74%) 

Table 3. 
Accident case numbers for the scenario 1.2 where at a junction a road user turns to the right and has a conflict 

with a cyclist travelling on the parallel cycle path 

Accident type Usage of bicycle path from the 
perspective of the cyclist 

GIDAS accident cases 

Dresden Hannover Total 

 

Bicycle path on the left side of the road 
and usage allowed in this direction. 14 (7%) 83 (22%) 97 (17%) 

 

Bicycle path on the left side of the road 
and usage not allowed in this direction. 28 (14%) 68 (18%) 96 (17%) 

 

Bicycle path on the right side of the 
road. 161 (79%) 225 (60%) 386 (67%) 
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Scenario 1.2: At a junction a road user turns to the 
right and has a conflict with a cyclist travelling on the 
parallel cycle path. 

As with the previous scenario in this scenario (where 
a vehicle turns to the right) the most frequent 
conflicts with cyclists travelling on cycle paths are 
when the cyclist was travelling on the right cycle 
path (79% of cases in Dresden, 60% of cases in 
Hannover), see Table 3. The remaining cases, where 
a cyclist was travelling on the left cycle path, have a 
lower share of cases, where the cyclists was not 
allowed to do so, in Dresden than in Hannover 
(Dresden 7%; Hannover 22%). Interestingly in 
Dresden the share of accidents where the cyclists 
that used the left cycle path and were not allowed 
doing so (14%) is also lower than in Hannover (18%).  

The comparison with all accidents with cyclists on 
cycle paths again reveals that in Dresden the 
probability of a cyclist being in an accident when 
travelling on the right cycle path in this scenario is 
particularly high at 79% compared to all accident 
cases on bicycle paths (Table 1, 62%). The situation 
in Hannover is similar; however the difference is less 
distinctive: 60% in this scenario vs. 52% in all 
accidents on cycle paths. 

When comparing the accidents with the field study 
results, using the left cycle path appears to be 
slightly more dangerous than using the right one 
(34% of the involved cyclists used the left cycle path 
while the share of left cycle path use in the field 
study was 26%). 

Scenario 1.3: A non-priority vehicle enters a crossing 
and has a conflict with a cyclist travelling on the 
cycle path before entering/crossing the main road. 

When crossing a priority road there are two 
situations where a conflict with a cyclist travelling on 
a cycle path of the priority road can occur: Once just 
before entering the main road (scenario 1.3) and 
once just after the main road (scenario 1.4). Most 
accidents of road users that have a conflict with a 
cyclist on a bicycle path are accidents from the 
scenario 1.3 (when entering the main road, Table 4). 
Here the analysis of the accidents reveals that most 
accidents (more than 2/3rds) in Hannover and also in 
Dresden (where cycling on the left cycle path is 
rarely permitted) occur when there is a cyclist 
travelling on the left cycle path and thus is coming 
from the right side of the road user which is entering 
the priority road. In Dresden the vast majority of 
these cases occurred in situations where cyclists 

were illegally travelling on the left cycle path (274 
cases) and only in 37 situations where they were 
travelling legally on the left cycle path. This deviation 
of the distribution of all cycle accidents on bicycle 
paths (Table 1) where accidents with cyclists are 
common when using the right bicycle path, is 
statistically highly significant (chi² = 260.86, 
p < 0.0001). 

Compared to the exposure data obtained from the 
field observational study the accident risk for cyclists 
at the left side is much larger than for those using 
the right cycle path (approx. 72% of the involved 
cyclists in this scenario used the left cycle path 
compared to 26% of cyclists using the left cycle path 
in the field study). 

In Hannover the accidents from this scenario with 
cyclists travelling on the left cycle path are evenly 
split between cases where the cyclists were allowed 
to do so (37%) and where the cyclists were not 
allowed to do so (37%). And like in Dresden the 
frequency of accidents with cyclists travelling on the 
left cycle path and thus are coming from the right 
side of the road user which is entering the priority 
road is significantly higher at 74% compared to the 
48.1% at all accidents of cyclists on bicycle paths 
(Table 1, chi² = 465.72 p < 0.0001). Especially in 
Hannover the relation between cyclists using the left 
cycle path correctly and the ones using it illegally is 
similar to all accidents; that means that the risk 
appears similarly high for both cyclists. 

As the view and attention towards traffic on the 
priority road and on the bicycle path may vary 
depending on the intended driving manoeuvre 
(crossing the priority road, turning right onto the 
priority road or turning left onto the priority road) 
the frequencies of the intended driving manoeuvre 
for the cyclists opponent are displayed in Table 5 for 
all accident types (intended manoeuvres) of this 
scenario. 

Over 80% of the accidents where a road user enters 
a priority road and has a conflict with a cyclist 
travelling on the left bicycle path of the priority road 
(allowed or not allowed) occurred when the road 
user wanted to turn right onto the priority road. 
When doing so he has to mainly focus on traffic 
coming from the left and therefore may easily 
overlook cyclists coming from his right side - which is 
the case when the cyclist uses the cycle path on the 
left side of the road. However when there was a 
conflict with a cyclist travelling on the right side of 
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the road (thus coming from the left side of the 
entering road user) the share of accidents with a 
right turning road user drops to 62% amongst all 
accidents within this scenario. So accidents with a 
road user entering the main road and a cyclist on the 
bicycle path are most common when the road user 

wants to turn to the right. Here there is no need to 
look for other motor-vehicles coming from the right 
and therefore it is likely that the right turning driver 
is just looking for other road users coming from the 
left. 

 

Table 4. 
Accident case numbers for the scenario 1.3 where a road user enters a priority road and has a conflict with a 

cyclist travelling on the bicycle path 

Accident type Usage of bicycle path from the 
perspective of the cyclist 

GIDAS accident cases 
Dresden Hannover Total 

 

Bicycle path on the left side of the road 
and usage allowed in this direction. 37 (8%) 392 (37%) 429 (28%) 

 

Bicycle path on the left side of the road 
and usage not allowed in this direction. 274 (60%) 391 (37%) 665 (44%) 

 

Bicycle path on the right side of the 
road. 146 (32%) 275 (26%) 421 (28%) 

Table 5. 
Intended manoeuvre of road user when entering the priority road in scenario 1.3 

Scenario 1.3 Intended manoeuvre of road user when entering the priority road 

 Crossing the 
priority road. 

Turning right 
onto the 
priority road. 

Turning left 
onto the 
priority road. 

Other 

Bicycle path on the left side 
of the road and usage 
allowed in this direction. 

27 
(10%) 

223 
(81%) 

17 
(6%) 

7 
(3%) 

Bicycle path on the left side 
of the road and usage not 
allowed in this direction. 

39 
(9%) 

369 
(85%) 

16 
(4%) 

8 
(2%) 

Bicycle path on the right side 
of the road. 

41 
(15%) 

165 
(62%) 

52 
(20%) 

8 
(3%) 
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Scenario 1.4: A non-priority vehicle crosses the 
priority road and has a conflict with a cyclist 
travelling on the cycle path after having crossed the 
priority road. 

Accidents with cyclists after having crossed the main 
road are much less frequent than with cyclists 
before crossing/entering the main road. Here 
however Table 6 shows that the majority of accident 
occurred with cyclists that were travelling on the 
right side of the road (coming from the right). Even 
though a statistical significance cannot be 
determined due to low case numbers in this scenario 
it is remarkable that (as with the scenarios 1.1 and 
1.2) the share of accidents with cyclists travelling on 
the right side of the road is higher than at all 

accidents with cyclists on cycle paths. Here the 
distance (or better the time) that the cyclist is 
travelling on the road may be an important factor. It 
is normally easier to avoid an accident with a cyclist 
coming from the left – the same is true for the 
possibilities for the cyclist to avoid the accident.  

Compared to the exposure data obtained from the 
field observational study the accident risk for cyclists 
at the left side appears to be smaller to those using 
the right cycle path (approx. 21% of the involved 
cyclists in this scenario used the left cycle path 
compared to 26% of cyclists using the left cycle path 
in the field study). 

 

Table 6. 
Accident case numbers for the scenario 1.4 where a road user crosses the priority road and has a conflict with a 

cyclist travelling on the cycle path after having crossed the priority road 

Accident type Usage of bicycle path from the 
perspective of the cyclist 

GIDAS accident cases 

Dresden Hannover Total 

 

Bicycle path on the left side of the road 
and usage allowed in this direction. 0 (0%) 8 (21%) 8 (12%) 

 

Bicycle path on the left side of the road 
and usage not allowed in this direction. 3 (10%) 3 (8%) 6 (9%) 

 

Bicycle path on the right side of the 
road. 27 (90%) 27 (71%) 54 (80%) 
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Figure 3.  Distribution of human failure categories from the cyclists on a cycle path that were involved in an 
accident with a road user from the roadway. 

 

Figure 4.  Distribution of human failure categories from the road users that were involved in an accident with a 
cyclist travelling on a cycle path. 
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Accident causation factors (ACAS) 

From the Hannover GIDAS data sample 626 cases 
correlating with the analysed accident scenarios are 
available with ACAS causation codes. For this study 
the causation analysis was divided into two groups:  

• The cyclist that may also have contributed to 
the emergence of the accident e.g. by using the 
wrong bicycle path. 

• The road users that had a conflict with a cyclist 
on the cycle path. 

Causes of cyclists on bicycle path: A special focus 
here lays on the intentional breach of rules (which 
are included in the failure category of planning 
errors) of all cyclists that have used the left cycle 
lane and were not allowed to do so (Figure 3). For 
these cases the share of planning errors lays 
between 65% (Scenario 1.2) and 83% (scenario 1.1). 
The other most frequent category of human failures 
from the cyclists includes failures from the 
information evaluation. These are mostly a wrong 
expectation concerning the accident place. 

Causes of the accident opponent of the cyclist: For 
the analysis of the accident opponents of the cyclists 
582 opponents were available with a causation code. 
All of the road users had been assigned with human 
failures. In no case a failure of the vehicle technology 
or the infrastructure had contributed to the cause of 
the accident. The frequency distribution of the 
human failure categories is displayed in Figure 4 by 
the 4 scenarios and the direction of travel of the 
cyclist. 

Here a special focus lays on the information 
admission failures which would include accidents 
caused by the fact that the road user did not 
perceive the cyclist on the cycle path e.g. due to a 
wrong focus of attention. For the most common type 
of scenario where a non-priority vehicle enters a 
crossing and has a conflict with a cyclist travelling on 
the cycle path before entering/crossing the main 
road (scenario 1.3) the share of causation factors 
from the information admission is highest at about 
70% with the highest percentage for cases where the 
cyclist used the left cycle lane although it was not 
allowed (79%). At the same time causes based on a 
failure of the information access (e.g. cyclist could 
not be seen because he was hidden by parking 
vehicles) are lowest for this scenario at less than 
20%. Failures from the field of information 
evaluation rarely occurred.  

Injury severity 

As the different accident scenarios induce different 
crash constellations between the road user and the 
cyclists travelling on a bicycle path the injury severity 
of the cyclists was analysed according to the most 
severe injury (MAIS) of each cyclist. For this analysis 
no distinction was made between the cities of 
Dresden and Hannover. Due to the available number 
of cases the injury severity was only analysed for not 
injured or slightly injured cyclists (MAIS 0 - MAIS 2) 
and for severely or fatally injured cyclist (MAIS 3+).  

In a first step the injury severity distribution of the 
cyclists is displayed in Table 7 for the different 
scenarios. Here the analysis reveals no major 
differences among the 4 accident scenarios 
concerning the injury severity.  

Table 7. 
Injury severity distribution of cyclists travelling on 

bicycle paths for different accident scenarios 

Scenario Cyclist not or 
slightly injured 
(MAIS 0-2) 

Cyclist severely 
or fatally 
injured (MAIS 
3+) 

Scenario 1.1 
328 

 (96.8%) 
11 (3.2%) 

Scenario 1.2 702 (97.4%) 19 (2.6%) 

Scenario 1.3 1876 (97.6%) 47 (2.4%) 

Scenario 1.4 103 (93.6%) 7 (6.4%) 

In a second step the injury severity of the cyclist was 
determined for the usage of the cycle path (Error! 
Not a valid bookmark self-reference.). Again no 
major differences can be identified weather the 
cyclist was travelling on the left or on the right 
bicycle path and whether or not he was allowed to 
do so. In about 3% of the cases the cyclist suffered 
severe or fatal injuries (MAIS 3+). Thus the injury 
severity is approximately at the same level of all 
bicyclists in the GIDAS database where 95.6% of the 
cyclists are below MAIS 3. 
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Table 8. 
Injury severity distribution of cyclists travelling on 

bicycle paths for different usage of the bicycle path 
(direction, allowed or not) 

Scenario Cyclist not 
or slightly 
injured 
(MAIS 0-2) 

Cyclist 
severely or 
fatally 
injured 
(MAIS 3+) 

Bicycle path on the left 
side of the road and 
usage allowed in this 
direction. 

733 
(97.1%) 22 (2.9%) 

Bicycle path on the left 
side of the road and 
usage not allowed in 
this direction. 

1043 
(97.5%) 27 (2.5%) 

Bicycle path on the 
right side of the road. 

2169 
(96.8%) 71 (3.2%) 

CONCLUSION 

In the scope of this study the influence of the design 
of bicycle paths (whether or not they may be used as 
bi-directional bicycle paths) on the accident 
occurrence was analysed by using the GIDAS 
database. The analysis focussed on accidents that 
resulted from a conflict between a non-priority 
vehicle turning at a crossing or entering a crossing 
and a cyclist that is travelling on the cycle path.  

These accidents were further divided into 4 different 
types of scenarios. The accident data was separately 
analysed for the two cities of Dresden and Hannover 
as in contrast to Dresden in Hannover bicycle paths 
are often free to be used in both directions. 

The most common accident scenario includes 
accidents where a non-priority vehicle enters a 
crossing and has a conflict with a cyclist travelling on 
the cycle path. Here more than 2/3rd of the 
accidents in both cities occurred with a cyclist 
travelling on a cycle path on the left side of the road 
(in Dresden mostly illegally and in Hannover equally 
split between legal and illegal use of the left cycle 
path) and thus coming from the right from the 
perspective of the road user which is entering the 
priority road. Most road users in this accident 
scenario had intended to turn right onto the priority 
road and it can be presumed that they did not see 
the cyclists coming from their right side because 

they were focusing on finding a gap in the traffic 
coming from the left. The analysis of the accident 
causes underlines this finding as this scenario has 
particularly high shares of failures from the field of 
information admission (mostly being a wrong focus 
of attention) which are present at over 69% in cases 
the use of the left cycle path is allowed and 79% in 
cases where the use of the left cycle path is not 
allowed.   

For the accident scenarios where a road user turns 
off the main road at a junction and then has a 
conflict with a cyclist travelling on the parallel bicycle 
path the most common accidents are with cyclists 
travelling on the right bicycle path. Interestingly this 
is the case when the road user turns to the right (the 
cyclist travelling on the right cycle path comes from 
behind) as well as when the road user turns to the 
left (the cyclist travelling on the right cycle path 
comes from the front). Here the analyses of the 
accident causes on behalf of the road user having 
the conflict with the cyclist showed that again errors 
from the information admission (wrong focus of 
attention) are most common at around 60% of the 
cases. However at these scenarios failures in the 
information access (blocked view towards the 
cyclists) are more common than in the previous 
scenario. 

The analysis of the accident causes on the part of the 
cyclists showed that human failures from the 
category of information evaluation (mostly a wrong 
expectation concerning the accident place) were 
most common except for cases where the cyclist was 
travelling on the wrong side of the road. Here of 
course human failures from the category of 
“planning” were most common as this category 
includes the deliberate traffic violations such as 
driving on the wrong side of the road.   

In summary this study revealed that accidents with 
cyclists travelling on the left bicycle path (allowed or 
not) are not prone to a higher accident risk at 
scenarios where a road user turns off the main road 
and the cyclist is travelling in the same or opposite 
direction. There is however a higher risk at junctions 
where a road user crosses the bicycle path to enter 
the priority road and concentrates on finding a gap 
in traffic. To avoid these accidents a separation of 
the bicycle path from the roadway could benefit the 
observation strategy of the road user by first having 
to concentrate only on the cycle path and after that 
only on finding a gap in traffic on the priority road. 
For the remaining accident scenarios the creation of 
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free sight zones (e.g. no parking zones) at junctions 
or crossings avoids a blocked view towards cyclists 
travelling on bicycle paths. 

From the separate analysis of Dresden and Hannover 
data there was no “training effect” visible, meaning 
that the motor-vehicle drivers in Hannover are not 
more used to bicyclists on the left cycle path. 
Furthermore it appears that not allowing bi-
directional use does not effectively prevent cyclists 
from using the left cycle path which occurs much 
more often in Dresden than in Hannover. 

When having an accident the injury severity appears 
to be independent from the used cycle path side. 

All together there is a negative safety effect from 
allowing the use of the left cycle path within urban 
areas resulting in more conflicts with motor-vehicles 
that are crossing the path of the bicycle. This occurs 
more often than the less common scenario with the 
use of the left cycle path in conflicts with motor-
vehicles that are travelling on the same road as the 
cyclist and are turning to the left or to the right. 
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ABSTRACT 

Automatic Emergency Braking will become a standard feature in light duty vehicles beginning in 2023 due to a 

voluntary agreement between vehicle manufacturers, NHTSA, and IIHS. The agreed performance criteria will result 

in a system that reduces the incidence of low-speed crashes and will likely have little effect on severe injuries and 

fatalities. Opportunities for fatality reduction associated with automatic braking are significant and are based on 

implementation approaches. Potential fatality reductions resulting from automatic braking activation thresholds in 

various crash modes and closing speed ranges were considered. The effects of alternative performance requirements 

on potential fatality reductions were then examined. 

 

INTRODUCTION 

The potential benefits associated with Forward 

Collision Warning (FCW) and Crash Imminent 

Braking (CIB) features, collectively known as 

Automatic Emergency Braking (AEB) systems, have 

been known for over forty years. The technology has 

been available on production vehicles for over ten 

years now and in 2016 many vehicle manufacturers, 

representing 99% of the U.S. auto market, entered 

into a voluntary agreement with the Insurance 

Institute for Highway Safety (IIHS) and the National 

Highway Traffic Safety Administration (NHTSA) to 

make AEB systems standard equipment. The 

agreement, documented in a memorandum of 

understanding (MOU) [1], specifies that AEB be 

offered as a standard feature in virtually all vehicles 

with a gross vehicle weight rating (GVWR) of 3,856 

kg or less by September 1, 2022 and for vehicles with 

a GVWR less than 4,536 kg by September 1, 2025.  

The MOU identifies the requirements for the FCW 

and CIB functionalities of the AEB system. The 

FCW system, as tested according to the NHTSA 

FCW Tests 2 and 3 [2], must issue an alert when the 

time to collision (TTC) is at least 2.4 seconds and 2.0 

seconds, respectively. The requirements for CIB 

involve two options as defined by the IIHS test 

protocol [3]. The first option (A) requires a 5-test 

average speed reduction of greater than 16 km/h in 

either the 20 km/h or 40 km/h tests involving a 

stationary target vehicle. The second option (B) 

requires a 5-test average speed reduction greater than 

8 km/h in both the 20 km/h and 40 km/h tests 

involving a stationary target vehicle. The IIHS uses a 

mock foam rear half of a vehicle as the lead target 

vehicle.  

While there may be benefits associated with impacts 

involving pedestrians, bicyclists and fixed objects the 

MOU does not address testing for these situations. 

The resulting crash delta-V is dependent on the mass 

of the two vehicles involved; smaller vehicles will 

receive a larger delta-v benefit than larger vehicles 

for the same observed AEB-produced speed 

reduction. Additionally, and perhaps more 

importantly, the real world results will depend on the 

implementation of the algorithms and sensors. The 

detection and response thresholds incorporate inputs 

from sensors that can include radar, cameras, 

infrared, and/or lidar. Only a small subset of the 
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algorithm’s performance can be evaluated in a simple 

test. On-road performance is likely to vary widely 

from vehicle to vehicle. Studies of these algorithms 

have demonstrated that a significant consideration in 

their design was the philosophy behind the activation 

criteria. For example, the size of the oncoming 

vehicle (not based on radar cross-section) could be 

detected and different activation strategies could be 

implemented depending on the risk posed by the size 

of the oncoming vehicle.  

It is well known that the optimal safety system 

performance differs depending on organizational 

priorities [4] [5].  Manufacturers, suppliers, the 

insurance industry, and NHTSA all may have 

differing objectives that would result in different 

system performance characteristics. For example, 

these organizational priorities could involve tuning 

system performance to minimize: a) fatalities, b) 

moderate-to-serious injuries, c) whiplash injuries, d) 

low-speed crash costs, and/or e) system cost. The 

present state of AEB performance testing and the 

agreements set out in the MOU indicate that low-

speed crash costs are the current priority. The 

NHTSA estimates that the proposed AEB systems 

will favorable affect approximately 897,000 rear-end 

crashes; this includes preventing approximately 4,000 

serious injuries and 100 fatalities annually [6] . The 

remainder of those affected include approximately 

893,000 minor and property damage only crashes. 

Thus, there are opportunities for industry, suppliers, 

and/or governments to pursue regarding improved 

AEB performance and outcomes. 

In this study we examine the maximum number of 

fatalities that are likely to be addressed with forward-

looking AEB systems in passenger vehicles involved 

in front-to-front, front-to-rear, and front-to-fixed-

object crashes. The implications of alternative testing 

strategies that likely would affect design approaches 

are discussed. The authors suggest that significant 

benefits can be achieved by expanding the 

performance scope and increasing the closing speeds 

required for AEB performance evaluations. 

METHOD 

Accident data from the National Automotive 

Sampling System (NASS) Crashworthiness Data 

System (CDS) from 2008 to 2014 was used in the 

analysis. NASS-CDS is a stratified sample of 

approximately 5,000 police-reported tow-away 

crashes collected annually by trained investigators. 

Crashes were included in the analysis if they 

involved only one or two light-duty passenger 

vehicles. Impact configurations were narrowed to 

those in which AEB systems would have the 

opportunity to be effective prior to impact, i.e. front-

to-front, front-to-rear, and front-to-fixed-object 

crashes. Striking vehicles were defined as those that 

met the above criteria and whose first impact damage 

was to the front of the vehicle. Thus both vehicles in 

front-to-front impacts would be considered striking 

vehicles. 

The injury severity, determined from the Maximum 

Abbreviated Injury Scale (MAIS), was identified for 

all occupants in each striking vehicle. Occupants 

coded with MAIS = 6 or that died within 30 days of 

the crash were coded as fatally injured. The potential 

benefits to occupants of vehicles impacted in the rear, 

i.e. the struck vehicle, were not addressed and these 

occupants are not included in the results below. All 

values were weighted based on the ratio inflation 

factor for each case. 

The cumulative percentage of occupant casualties by 

injury severity, as identified from MAIS, was 

determined for two threshold values of impact 

closing speed: 20 km/h and 40 km/h. By using this 

approach the total number of casualties that would be 

addressed by the AEB systems outlined in the MOU 

could be determined. The closing velocity for each 

striking vehicle was derived using the recorded delta-

V along with the impact force direction using 

Equation 1: 

𝑉𝑐𝑙1 =
𝑚1+𝑚2

𝑚2 cos𝜃
∙ ∆𝑉1, (Equation 1) 

where 𝑚1 and 𝑚2 are the masses of vehicles 1 and 2, 

𝜃 is the impact force direction, and ∆𝑉 is the change 

in velocity for the striking vehicle during the crash.  

Finally the effects of alternative testing strategies 

considering the effects of testing in front-to-front 

configurations were then determined and compared 

with those found for the front-to-rear testing 

paradigm. 
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RESULTS 

Of the occupants identified that were in the striking 

vehicles involved in front-to-rear impacts, 60% had 

known injury severity. The cumulative percent of 

occupants, by injury severity, for the two AEB 

closing speed thresholds are summarized in Table 1. 

For impacts with up to a 20 km/h closing speed there 

were no injuries identified as more severe that AIS 2. 

The 40 km/h closing speed impacts accounted for 

only 0.01% of all striking-vehicle fatalities and 

0.09% of AIS3 injured occupants in this 

configuration. 

Table 1.  

Cumulative percent of striking-vehicle occupants, 

by injury severity, involved in front-to-rear 

crashes for AEB threshold closing speeds. 

 

  

Cumulative Percentage of 

Occupants by MAIS in Front to 

Rear 

Closing speed 0-1 2 3 4 5 Fatal 

20 km/h 1% 0% 0% 0% 0% 0% 

40 km/h 52% 1% 0% 0% 0% 0% 

 

Of the weighted occupants identified in front-to-front 

crashes, 55% had known MAIS. Table 2 summarizes 

the cumulative percent of occupants involved in 

front-to-front crashes by their maximum injury 

severity. Crashes up to 20 km/h, closing speed of 40 

km/h, constitute 3% of all fatalities and 7% of all 

AIS3 injuries. Crashes in which vehicles were 

moving at 40 km/h made up approximately 15% of 

all fatalities and 65% of all AIS 3 injuries.  

Table 2.  

Cumulative percent of occupants, by MAIS, 

involved in front-to-front crashes for equivalent 

AEB threshold closing speeds. 

 

Each 

vehicle 

impact 

speed 

Cumulative Percentage of Occupants 

by MAIS in Front-to-Front 

0-1 2 3 4 5 Fatal 

20 km/h 46% 21% 7% 0% 0% 3% 

40 km/h 94% 73% 65% 26% 34% 15% 

 

Of the weighted occupants identified as being 

involved in a forward collision with a fixed object, 

55% had known MAIS. Fixed object collisions 

resulted in greater injury severity than front-to-rear or 

front-to-front crashes. Table 3 summarizes the 

proportions of occupants, by MAIS, according to 

estimated closing speed. A closing speed of 20 km/h 

represented 5% of all fatalities and 21% of all 

occupants with MAIS 3 injuries in the front-to-fixed 

object crash mode. At a closing speed of 40 km/h 

these proportions rose to 27% and 63% respectively. 

Table 3.  

Cumulative percent of occupants, by MAIS, 

involved in front-to-fixed object crashes for AEB 

threshold closing speeds. 

  
Cumulative Percentage of Occupants 

by MAIS in Front-to-Fixed Objects 

Closing 

speed 0-1 2 3 4 5 Fatal 

20 km/h  43% 28% 21% 3% 41% 5% 

40 km/h 95% 64% 63% 67% 73% 27% 

 

Table 4 lists the relative frequency of MAIS 3+ 

outcomes and deaths between the front-to-rear and 

front-to-front or front-to-fixed object impact modes. 

There are approximately 12 times as many deaths and 

nearly 3 times as many seriously injured occupants in 

front-to-front than front-to-rear crashes. Similarly, 

fixed-object collisions are much more severe than 

front-to-rear collisions with 21 and 15 times more 

fatalities and serious injuries, respectively.  

Table 4. 

Ratios of occupants with MAIS 3+ and fatal 

injuries in front-to-front and front-to-fixed object 

vs front-to-rear impacts. 

 Ratio to Front-to-rear 

 Front-to-front Front-to-fixed objects 

MAIS3+ 2.7 15 

Fatal 11.9 20.5 

 

Table 5 summarizes the total estimated benefit to 

occupants involved each frontal crash mode by injury 

severity and closing speed.  
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Table 5 

Summary of maximum estimated population 

affected by AEB performance at 40 km/h 

Injury 

Severity 

Front-

Rear 

 

Front-

Front 

 

Front-

Fixed 

Object 

Fatal 0% 15% 27% 

MAIS 3+ 0% 65% 63% 

 

DISCUSSION 

The performance of AEB systems which will become 

standard on virtually every light duty vehicle by 

model year 2026 will have an extremely limited 

effect on serious injuries and fatalities. Virtually no 

fatal or serious injuries are estimated to be mitigated 

for occupants in the striking vehicle in front-to-rear 

impacts. Such performance represents a sub-optimal 

use of the available technology that clearly has an 

opportunity to provide greater benefit. This is 

especially clear given that initial testing of AEB 

systems by the IIHS indicate that a large proportion 

of vehicles that performed well at the 20 km/h tests 

had little or no speed reduction in the 40 km/h tests 

[7]. While it is not clear where the cutoff point was in 

the algorithms implemented in these vehicles, is 

seems that there was a decision not to work above a 

certain speed. Will this continue in the future?  It 

would seem that the competitive pressures may drive 

such systems out of the marketplace and the 

penetration of the marketplace by systems working to 

at least 40 km/h can be expected. This suggests that 

the 20 km/h test should not be used as an Option 

through which a positive evaluation can be achieved, 

but rather as a required part of the overall test 

evaluation where the expectation is that performance 

at higher speeds is also required. 

It also appears that some systems claim to only work 

in rear impact orientations, while others do not 

restrict themselves. Again competitive pressures may 

force restrictive systems out of the marketplace so 

that systems work with impacts from the front to the 

front, side and rear of other vehicles as well as fixed 

objects. In order for the competitive pressures to 

come into play IIHS or others need to create such test 

methodologies to commend those systems that have 

these capabilities. The vast difference in the number 

of serious injuries and fatalities that occur in front-to-

front vs front-to-rear crashes, for equivalent closing 

speeds, suggest that an AEB test configuration should 

include an oncoming vehicle scenario. This would 

address far more serious injuries and fatalities. 

While it can be understood that the intention 

associated with limiting testing to low-speed rear 

impacts is to encourage development, the technology 

is already beyond what is being tested for, and hence 

a restructuring of objectives and testing protocols 

should be accomplished, and, perhaps, is already in 

process.  

How quickly this transition in testing protocols 

happens is dependent on organizational priorities. 

The focus on low-speed systems is potentially 

serving primarily the insurance industry but that 

industry has also been instrumental in improving 

overall crashworthiness performance even though 

their primary costs are associated with low-speed and 

property damage crashes that dominate the Weibull 

curve that represents the distribution of their claims 

frequency. So they are certainly to be commended for 

taking a lead in this area and hopefully that lead will 

continue to evolve. Meanwhile other groups like SAE 

and NHTSA could also follow suit and apply 

resources to encourage performance under higher 

closing velocities and using the front-to-front impact 

mode.  

Clearly regulatory mandatory requirements are not 

required here due to the collaborative nature of the 

effort to ensure that effective use of the technology is 

introduced. However, both NHTSA and IIHS have 

the ability to incorporate performance requirements 

as part of their NCAP and IIHS rating’s systems 

quickly. For example, NHTSA could require, for a 5 

star rating, greater speed reductions that could be 

phased in under a timeline such as that presented in 

Table 6. This would require AEB systems to work in 

front-to-front crash modes for which 28 km/h speed 

reductions would be required for each vehicle 

travelling at 40 km/h. Equivalent requirements could 

be defined for rear-to-rear impact crashes at 40 km/h 

into a stationary vehicle. In this way the opportunity 

to address fatalities will increase with the potential to 

achieve a reduction of 25% or more of fatalities 

occurring in frontal impacts with continued 
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improvements in AEB performance and fleet 

penetration. The additional side impact collision 

avoidance could be incorporated as the technology is 

ready for it which would provide significant benefits 

to the occupants of the side impact vehicles. 

Table 6.  

Example timeline of requirements for improved 

AEB performance 

Year 

Required 

speed 

reduction 

Test speed per vehicle 

Front-to-

Front 

Front-to-

Rear 

V1 V2 V1 V2 

km/h km/h km/h km/h km/h 

2019 16 25 25 25 0 

2020 20 28 28 28 0 

2021 25 32 32 32 0 

2022 28 40 40 40 0 

 

The test conditions could utilize either a 

representative vehicle that dynamically matches the 

speed reduction being achieved by the test vehicle, or 

a representation of the same vehicle as the other 

vehicle utilize representative cross sections as is 

currently being done, except representing the frontal 

cross section presented to the oncoming vehicle. 

LIMITATIONS 

The NASS-CDS contains a large amount of missing 

data with regard to both crash conditions and injuries. 

Thus, estimation techniques are often used to create 

the missing data, but that was not done here. Also 

there are large number of cases that are coded as 

injured extent unknown. Again methods can be used 

to distribute this data across the know AIS 

distribution for a given set of conditions; however 

this was not done here. The need to estimate the 

closing velocities based on the available information 

was necessitated by the generally missing closing 

velocity information in the database. The data in 

NASS- CDS is also known to have problems with 

regard to crash severity information; when crash 

severity algorithms are revised the past data is not 

corrected for these changes, thus leading further 

concerns with regard to crash severity data. That said 

the data is the best available for the United States on 

a stratified sample basis. The availability of EDR 

data in the forthcoming, but currently unavailable 

CISS will be of interest to refine analyses conducted 

here. However, it is known that there are potential 

concerns with the EDR data as well. Further, the 

injury severity counts do not include those occupants 

that were seated in struck vehicles in front-to-rear 

impacts. 

CONCLUSION 

The collision avoidance technology has the potential 

for significant effects on the number of fatalities and 

serious injuries occurring in the United States. 

However, the current AEB performance requirements 

address only the low-speed, and, consequently low 

severity, crash conditions. In order to achieve a 

greater benefit the NHTSA, IIHS and industry should 

adjust the performance requirements to reflect the 

conditions that representative of real world front-to-

front and front-to-rear crashes that result in serious 

injury and fatality. Based up our analysis of real-

world accident data, a supplemental test protocol is 

proposed to reduce the likelihood and severity of 

serious and fatal crashes in addition to minor low-

speed crashes and injuries. Specifically, we suggest 

closing speeds on the order of 40 km/h with required 

average speed reductions up to 56 km/h for both 

front-to-front and front-to-rear impact modes. 
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ABSTRACT 
 
The purpose of this paper is to present findings from a biofidelity assessment of the WorldSID 5th percentile female 
side impact anthropomorphic test device with a modification kit (WorldSID 5F with mod kit). The modifications 
were proposed by the WorldSID 5th Technical Evaluation Group to reduce interference (bottoming out) in the neck, 
shoulder and pelvis areas to improve durability. The modification kit also included design changes to the neck and 
lumbar hardware to produce a posture that would position the head further forward to provide a broader range of 
head protection evaluations. The modification kits were supplied by Humanetics Innovative Solutions. 

A subset of ISO/TR 9790:1999 pendulum, sled and drop tests were conducted to evaluate biofidelity of the neck, 
shoulder, thorax, abdomen and pelvis. The impact surfaces of the load plates and pendulums were scaled for use 
with a 5th percentile female. The sled test fixture was similar to those used by the University of Heidelberg and 
Wayne State University and consisted of a side-facing, rigid bench covered with Teflon™ and a rigid, segmented 
impact wall.  

The biofidelity of the WorldSID 5F with mod kit did not meet the expected overall biofidelity rating of good. The 
neck, shoulder, thorax, abdomen, and pelvis have fair biofidelity.  The overall biofidelity of the WorldSID 5F with 
mod kit is only fair.  

The WorldSID 5F with mod kit was not durable in the rigid wall sled tests. Shoulder ribs deformed and in some 
cases new shoulder ribs fractured in their first test. Damage to wiring and instrumentation was also noted during the 
rigid wall sled tests.  However, no damage was observed in the pendulum, drop or neck tests.  

The WorldSID 5F with mod kit is less biofidelic than the reported good biofidelity of WorldSID 5F revision 1. 
However, when assessed in an identical subset of test conditions, the difference in biofidelity is insignificant.  
Furthermore, the WorldSID 5F with mod kit and the SID-IIs BLD have nearly identical overall biofidelity scores 
when they are assessed on the same subset of test conditions. 

The WorldSID 5F with mod kit requires further design changes to improve its biofidelity and durability before it 
can be justified as an improvement over the SID-IIs BLD. 
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INTRODUCTION 

The WorldSID Task Group was formed in 1997 to 
develop a world-harmonized, mid-size male, side 
impact dummy.   Asia/Pacific, Europe, and North 
America contributed equally to the development 
costs and design decisions.  Participants represented 
vehicle manufacturers, dummy and instrumentation 
manufacturers, research institutions and 
governments.  

The WorldSID 5th percentile female (WorldSID 5F) 
was developed by the Advanced Protection Systems 
(APROSYS) European Commission Framework 
Program 6, beginning in 2004.  Been et al. [1] 
published a biofidelity evaluation of the 
WorldSID 5F prototype. Biofidelity of the 
WorldSID 5F revision 1 (rev 1) was reported by 
Eggers et al. [2].  

In 2011, the GRSP Working Group on Passive Safety 
formed the WorldSID 5th Technical Evaluation 
Group, an informal working group, to facilitate the 
evaluation and completion of the WorldSID 5F. 
Participants from around the world evaluated the 
WorldSID 5F rev 1. Humanetics Innovative Solutions 
designed and produced a modification kit to reduce 
interference, improve durability and change the 
seated posture. General Motors (GM) and Transport 
Canada volunteered to evaluate the biofidelity of the 
WorldSID 5F with the mod kit.  A subset of 
ISO/TR 9790 [3] tests was conducted.  This 
publication details the findings of the GM and 
Transport Canada biofidelity evaluations. 

METHODS 

WorldSID 5F with mod kit 
The evaluations conducted at GM involved one 
WorldSID 5F with a modification kit. Contents of the 
mod kit are listed in Table 1.  GM's WorldSID 5F 
was equipped with the standard content 2D 
IR-TRACCs in the thorax and abdomen.  

Transport Canada conducted drop tests with a 
different WorldSID 5F with mod kit. The mod kit 
had a different build date, but the same parts as Table 
1. In addition, it was instrumented with the RibEye™ 
instead of the 2D IR-TRACCs.  

Table 1. 
Modification kit parts list 

 
Body 

Region 
Description Part No. 

Head Accel. mount W5-00110 
ARS mount W5-00204 
IES mount bracket W5-00301 

Neck Lwr. neck load cell W50-
71001S5-M 

Lwr. neck bracket W5-2030 
Upr. neck bracket W5-2031 
Spacer, neck W5-2134 
Plate, 4 deg. upr. neck 2110-4 

Torso String pot mount W5-3157 
Shldr. accel. mount W5-3158 
Shldr. mount plate W5-3159 
Inner rib bracket W5-3273 
String pot mount base W5-3315 
Shldr. load cell guard W5-7109 
Shldr. structural repl. W5-3349 
Shldr. assy. W5-3360 
Pot cover plate 3670-19 
IRTRACC pot brkt. 3670-20 
Spine box assy. W5-3400 
Compl. thorax assy. W5-3600 
Bushing lumbar side W5-4034 
Interface brkt., left W5-4210-1 
Interface brkt., right W5-4210-2 
Lwr. lumbar mount W5-4220 
Lumbar spine molded W5-4225 
Lumbar load cell W5-7112 
Instr. brkt. pelvis W5-4230 
Clamp, lwr. lumbar W5-4231 
Lumbar top bushing W5-4234 
Clamp plate, pelvis W5-4238 
Cable cover lumbar lc W5-4239 
Pelvis flesh molded W5-4240 
Lumbar mount wedge W5-4241 
Clamp, upr. lumbar W5-4242 
Instr. cover pad assy. W5-4243 
Pubic buffer, mold.  W5-4250 
Pelvic bone, left W5-4260-1 
Pelvic bone, right W5-4260-2 
Hip socket assy. W5-4262 
SI load cell W5-7113 
Ring, inner hip joint W5-4264 
Retainer, hip socket W5-4265 

Thigh Femur ball W5-5153 
Upr. leg flesh, left W5-5010-1 
Upr. leg flesh, right W5-5010-2 
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All results for the WorldSID 5F with mod kit 
presented in this report were conducted with the 
design intent 6 mm thorax pad. 

Pendulum Tests 
ISO/TR 9790 pendulum impacts to the shoulder, 
thorax and pelvis were conducted with pendulum 
masses and impact faces scaled to a 5th percentile 
female [3, 4, 5]. The pendulum for the shoulder and 
thorax tests had an impactor face diameter of 125 mm 
and a mass of 14 kg. The 10.14-kg pendulum for the 
pelvis test was 120 mm in diameter with an impactor 
face radius of curvature of 185 mm. Pendulum 
velocity was determined from laser speed traps.  

The WorldSID 5F was positioned in an upright 
posture using the tilt sensors in the head, spine and 
pelvis. The WorldSID 5F was seated on two stacked 
sheets of Teflon™ which were on top of a flat 
surface. The shoulder, thorax and pelvis tests were 
conducted with the jacket on. The pelvis pendulum 
was centered on the greater trochanter. 

Sled Tests 
A HyGe™ system was used for all of the sled test 
evaluations. The sled test fixture consisted of a rigid 
bench covered with Teflon™ and was similar to the 
side impact test fixtures used with post mortem 
human subjects by the University of Heidelberg and 
Wayne State University (WSU).  

For the ISO/TR 9790 neck tests, the WorldSID 5F 
was secured with straps around the shoulders, chest, 
hips and legs. Rigid wooden supports were used to 
constrain whole-body motion, without pre-loading 
the ribs. See Figure 1. 

The University of Heidelberg and WSU tests used the 
same sled as the neck tests but without the 
constraints. See Figures 2 and 3, respectively.  Table 
2 gives the dimensions of the load wall plates that 
were used. The scaled load plates were aligned with 
the targeted body regions. Specifically, the thorax 
plate in the Heidelberg configuration was shifted 
downward to better align with the thorax ribs and the 
pelvis plate was shifted downward slightly to contact 
the greater trochanter and iliac wing, but not the 
lower abdomen rib. The spaces between the WSU 
plates were adjusted to better align with the 
WorldSID 5F geometry. The shoulder plate was 

centered on the shoulder socket. The thorax plate was 
positioned to cover as much of thorax ribs 1-3 as 
possible. The abdomen plate was positioned to 
contact abdomen ribs 1 and 2, but not the thorax ribs. 
Table 3 gives the dimensions of the gaps between the 
seat pan and various load plates. 

 
 
Figure 1.  Neck test sled configuration. 
 

For the Heidelberg tests, the thorax and pelvis load 
plates were each instrumented with four load cells 
and four accelerometers. For the Wayne State 
University tests, each load plate was instrumented 
with two load cells and two accelerometers. 

A small sheet of Teflon under the WorldSID 5F and 
another sheet behind minimized friction, allowing the 
WorldSID 5F to maintain its pre-test posture. The 
WorldSID 5F and the smaller Teflon™ sheets slid 
across the Teflon™ sheets that were affixed to the 
bench surface.  The sliding Teflon™ sheets were 
positioned such that they did not contact each other 
or the bight of the Teflon™ bench.  They were 
tethered to prevent them from contacting the load 
wall during impact.  
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Figure 2.  Heidelberg sled test configuration. 
 

 
 
Figure 3.  WSU sled test configuration. 
 

Table 2. 
Load wall plate dimensions 

 
 

Test 
Condition 

Plate Height 
(mm) 

Width 
(mm) 

Heidelberg Thorax 224 309 
Pelvis 179 309 

Wayne State Shoulder 91 359 
Thorax 91 359 
Abdomen 91 359 
Pelvis 91 359 

 

Table 3. 
Load wall plate spacing 

 
Test 
Condition 

Gap Location Gap 
(mm) 

Heidelberg Pelvis to Thorax 45 
Seat Pan to Pelvis 15 

Wayne State Thorax to Shoulder 30 
Abdomen to Thorax 37 
Pelvis to Abdomen 78 
Seat Pan to Pelvis 34 

 
 
The WorldSID 5F was placed on the bench at a 
distance from the load wall such that it would impact 
while the sled was travelling at a constant velocity. 
The pre-test shoulder-to-wall distance was calculated 
from the sled pulse. From test-to-test, the shoulder-
to-load wall distance was maintained within ± 5 mm. 
The WorldSID 5F was positioned against the 
seatback in an upright posture using the tilt sensors in 
the head, spine and pelvis. The arms were positioned 
down along the side of the body for the Heidelberg 
tests and at a 15 degree angle down from horizontal 
for the WSU tests.  

Drop Tests 
The WorldSID 5F was suspended above the impact 
plates as shown in Figure 4. Nylon webbing 
restrained the ankles, knees and pelvis while webbing 
is secured to a bracket attached to the lower neck on 
the non-struck side. Each webbing harness was 
attached to electromagnets which were secured to a 
steel frame. To ensure greater control and stability 
the drop was carried out sequentially by first 
releasing the frame followed by the four 
electromagnets. 

The impact plates and armrest height for the whole 
body drop tests were scaled to a 5th percentile female 
[4, 5]. Thorax plate dimensions were 305 mm x 305 
mm and the pelvis plate was 406 mm x 305 mm. The 
armrest was 60 mm wide and 650 mm long. The 
offset between top of plates and the top of the armrest 
was 57 mm.  
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Figure 4.  Drop test configuration. 
 

Data Processing 
All data were processed as described in ISO/TR 9790 
[3], including the 100 Hz FIR filter for the thorax 
pendulum impacts and Heidelberg sled tests.  All 
other tests were filtered according to SAE J211 [6].  
Neither the pendulum, drop, nor sled test responses 
were scaled to correct for slight differences in 
velocity. 

Load plate forces for the sled tests were compensated 
for inertia. This was accomplished by subtracting the 
product of plate mass and its acceleration from the 
sum of the loads for the plate, throughout the time 
history.  

Time zero for the drop and rigid wall sled tests was 
determined similar to the SAE J2052 procedure for 
determining head contact [7]. Time zero for a test 
was determined by the earliest time that any load 
plate exceeded 5% of its peak load. 

Biofidelity Assessment 
Measurements from each test were evaluated against 
their respective scaled response corridor [4].  Those 
measurements within the corridor were given a score 
of 10.  Those within one corridor width, either above 
or below the corridor, were given a score of 5.  
Corridors and corridor widths are given in Table A1. 
All other responses received a score of 0.  Individual 
measurement scores from repeat tests were averaged.  
The weighting factors for individual measurement, 
test condition, and body regions given in 
ISO/TR 9790 [3] were used to calculate an overall 

biofidelity score. Table 4 categorizes the biofidelity 
scores into biofidelity ratings.  

Table 4. 
Biofidelity rating definitions 

 
 

Biofidelity Score Biofidelity 
Rating 

8.6 ≤ B ≤ 10 Excellent 
6.5 ≤ B < 8.6 Good 
4.4 ≤ B < 6.5 Fair 
2.6 ≤ B < 4.4 Marginal 
0.0 ≤ B < 2.6 Unacceptable 

 

RESULTS AND DISCUSSION 

Biofidelity of WorldSID 5F with mod kit 
Complete test results are given in Table A1. 

Head Eggers et al. [2] reported excellent biofidelity 
of the WorldSID 5F rev 1 head in the 200 mm drop 
onto a rigid surface. Since the mod kit did not involve 
changes to the head, its biofidelity score of 10 was 
carried forward.  

Neck The WorldSID 5F with mod kit had a score of 
7.0 for Neck Test 1, the 7.2 G sled test. The peak 
flexion angle and peak vertical displacement of the 
head C.G. relative to T1 were 10 in all tests. The 
peak horizontal displacements of the head C.G. 
relative to T1 were within one corridor width below 
the corridor and scored 5 in all of the evaluations.  

For Neck Test 2, the 6.7 G sled test, the score was 
only 2.3. The peak flexion angles were above the 
corridor, but within one corridor width above the 
upper bound. The peak bending moment about the 
A-P axis at the occipital condyles and peak shear 
force at occipital condyles were all well below their 
respective corridors.  

In Neck Test 3, the 12.2 G sled test, the WorldSID 5F 
with mod kit scored 7.5.  The peak flexion angle in 
Neck Test 3 scored all 10’s. Peak lateral acceleration 
of the head C.G. values were below the corridor, but 
within one corridor width. Peak lateral acceleration 
of T1 values were within or just below the corridor. 
The neck biofidelity score for the WorldSID 5F with 
mod kit is 5.3. 
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Shoulder The WorldSID 5F with the mod kit had a 
biofidelity score of 7.1 in Shoulder Test 1, the 4.5 
m/s pendulum impact. The pendulum force-time 
history, shown in Figure 5, is an example of a time-
history response that was not within the corridor 
(solid boundary), but within one corridor width above 
the upper boundary (dashed boundary). The peak 
shoulder deflection was in the corridor.  

   

Figure 5.  Pendulum force-time history from the 
4.5 m/s shoulder pendulum test. 
 

The biofidelity score in Shoulder Test 2, the 7.2 G 
neck sled test was only 2.5. The peak horizontal 
acceleration of T1 was within one corridor width 
below the lower boundary. The peak horizontal 
displacement of T1 was well above the upper 
boundary.   

Shoulder Test 3, the 12.2 G neck sled test, had a 
biofidelity score of 6.7.  Peak lateral acceleration of 
T1 was at the low end of the corridor or just below. 
Combining the results from Shoulder Tests 1, 2 and 
3, the WorldSID 5F with mod kit shoulder has a 
biofidelity score of 5.4. 

Thorax The pendulum force-time history and upper 
spine lateral acceleration-time histories from Thorax 
Test 1, the 4.3 m/s pendulum impact to the thorax of 
WorldSID 5F with mod kit, are shown in Figures 6 
and 7, respectively.  Figure 8 shows the pendulum 
force-time history from Thorax Test 2, the 6.7 m/s 
pendulum impact.  The WorldSID 5F with mod kit 
received scores of 5.0 for both the 4.3 m/s and 6.7 
m/s pendulum tests.  

The WorldSID 5F with mod kit received a score of 
6.6 in Thorax Test 3, the 1.0 m drop onto flat, rigid  

 

Figure 6.  Pendulum force-time history from the 
4.3 m/s thorax pendulum test. 
 

 

Figure 7.  Upper spine lateral acceleration-time 
history from the 4.3 m/s thorax pendulum test.  

 

 
 
Figure 8.  Pendulum force-time history from the 
6.7 m/s thorax pendulum test.  

 
surfaces. The thorax plate force was within or just 
under the lower corridor while peak deflection of 
impacted rib was near the upper boundary resulting 
in a mixture of 5’s and 10’s for both evaluations. 
Figure 9 shows the force time history for Thorax 
Test 3. The peaks after 30 ms were attributed to the 
WorldSID 5F head contacting the load plate. 
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Figure 9.  Thorax plate force-time history from 
the 1.0 m drop test. 
 

The WorldSID 5F with mod kit received a score of 
6.0 in Thorax Test 5, the 6.8 m/s rigid sled. The 
force-time histories of the thorax plate are within the 
corridor as shown in Figure 10. The peak lateral 
accelerations of T1 and T12 were both below the 
corridor. The peak lateral accelerations of the 
impacted rib (thorax rib 1) were one corridor width 
above the corridor.  The WorldSID 5F with mod kit 
has a thorax biofidelity score of 5.5. 

 
 
Figure 10.  Thorax plate force-time history from 
the 6.8 m/s rigid sled test. 
 

Abdomen The WorldSID 5F was evaluated in the 
1.0-meter drop onto a rigid armrest and earned a 
score of 6.5. The armrest force results were slightly 
above the corridor resulting in scores of 5’s. See 
Figure 11.  The peak abdominal penetration values 
resulted in all 10’s. 

Results for the abdomen plate force in Abdomen 
Test 3 (6.8 m/s rigid sled) were just above the upper 
corridor. See Figure 12. The WorldSID 5F with mod 
kit has a biofidelity score of 6.1 for the abdomen. 

 

Figure 11.  Armrest plate force-time history from 
the 1.0 m drop test. 
 

 

Figure 12.  Abdomen plate force-time history 
from the 6.8 m/s rigid sled test. 
 

Pelvis Pelvis Test 1, the 6.0 m/s pendulum impact, 
exhibited the best biofidelity of all evaluations of the 
pelvis. Figure 13 shows the peak pendulum force for 
three tests.  

 

Figure 13.  Pendulum velocity versus peak 
pendulum force from the 6.0 m/s pelvis pendulum 
impact.   
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For Pelvis Test 3, the 0.5 m drop onto rigid surfaces, 
and Pelvis Test 4, the 1.0 m drop onto rigid surfaces, 
the scores were 0.8 and 0.0 respectively.  

Pelvis Test 7, the 6.8 m/s rigid sled test in the 
Heidelberg configuration, received a score of 4.4. 
The peak pelvis plate forces were well above the 
upper bound, while the peak pelvis accelerations 
were within the corridor. 

Pelvis Test 10, the 6.8 m/s rigid sled in the WSU 
configuration, earned a score of 2.2. Figure 14 shows 
the pelvis plate force-time histories, which are well 
above the upper boundary of the corridor. The 
WorldSID 5F has a biofidelity score of 4.6 for the 
pelvis.   

 

Figure 14.  Pelvis plate force-time history from 
the 6.8 m/s rigid sled test. 
 

Overall 
All body regions that were evaluated had only fair 
biofidelity. The biofidelity of the head as reported by 
Eggers [2] was used in calculating the overall 
biofidelity of the WorldSID 5F with mod kit.  The 
overall biofidelity score for the WorldSID 5F with 
mod kit is 6.1, which is only fair.  

Durability 
After seven tests in the WSU configuration, the inner 
and outer bands of the shoulder rib bent. See Figure 
15. The third test in the Heidelberg configuration also 
bent the inner and outer bands of the shoulder rib 

The final test in the WSU configuration fractured a 
new shoulder outer rib. The complete separation 
occurred near the posterior edge of the shoulder rib 
clamp. In the same test, components near thorax rib 1 
were damaged. See Figure 16. It appears that the 

 

Figure 15.  Bent inner (top) and outer (bottom) 
shoulder ribs from WSU 6.8 m/s sled test. 
 

inner rib was compressed all the way to the wire 
mounting block. The inner rib sheared the zip tie 
holding the wires to the mount. The outer covering of 
one wire was nicked. 

 

 
 
Figure 16.  Cut zip tie (left) and nicked wire 
(right) from direct contact by inner thorax rib 1.  
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After the second Heidelberg 6.8 m/s rigid sled test 
(Thorax Test 5/Pelvis Test 7) one of the 
accelerometers on the lower spine was dented. A 
spike in the acceleration data was noted and 
inspection revealed the dented accelerometer. No 
damage to the WorldSID 5F was observed during any 
of the pendulum, drop or neck/shoulder sled tests. 

In several WSU sled tests, the Diversified Technical 
Systems G5 data acquisition module in the thigh lost 
data despite passing the pre-test system checks. 
Neither of the G5 modules in the thorax experienced 
data loss. After an extensive investigation, it was 
determined that static discharge from the Teflon™ 
seat surface through the WorldSID 5F thigh to the G5 
Interposer casing caused the G5 to reset. An 
additional ground wire was added from the casing of 
the G5 Interposer to a common ground in the spine of 
the WorldSID 5F. It is expected that tests in a vehicle 
environment would not produce the same amount of 
static electricity as that generated by the Teflon™ 
sheets sliding across the Teflon™ covered bench 
seat.  

Comparison of WorldSID 5F with mod kit to 
WorldSID 5F rev 1 
Table 5 summarizes the biofidelity scores by body 
region for the WorldSID 5F with mod kit along 
with those for WorldSID 5F rev 1 from Eggers et 
al. [2].  The WorldSID 5F with mod kit has only 
fair biofidelity, while the WorldSID 5F rev 1 was 
reported to have good biofidelity.  The flaw in this 
simple comparison is that the two versions of the 
WorldSID 5F were evaluated under different 
subsets of the tests in ISO/TR 9790 [3].  
WorldSID 5F with mod kit was evaluated in all 
three neck test conditions, while WorldSID 5F 
rev 1 was not.  Conversely, WorldSID 5F rev 1 
was evaluated in padded sled tests, while 
WorldSID 5F with mod kit was not.  Since some 
biofidelity test conditions are more challenging 
than others, this section attempts to reevaluate 
their biofidelity in an identical subset of tests to 
determine if the mod kit degraded the biofidelity of 
WorldSID 5F.  

The mod kit did not include changes to the head.  
Head Test 1, the 200 mm head drop test, was not 
conducted with the WorldSID 5F with mod kit as it 

is assumed to have the same excellent biofidelity 
as WorldSID 5F rev 1. 

Table 5. 
Biofidelity scores of WorldSID 5F with mod kit 

and WorldSID 5F rev 1 
 

Body 
Region 

WorldSID 5F 
with mod kit 

WorldSID 5F 
rev 1 [2] 

Head not tested 10 
Neck 5.3 6.5 
Shoulder 5.4 7.4 
Thorax 5.5 6.9 
Abdomen 6.1 8.5 
Pelvis 4.6 6.5 
Overall 6.1 7.6 

 
 
When tested with the mod kit, the WorldSID 5F 
received a biofidelity score of 7.0 in Neck Test 1, 
the 7.2 G sled test.  Although Eggers et al. [2] 
acknowledged that changes to the shoulder and 
arm may influence the response of the neck, they 
did not conduct any of the ISO/TR 9790 neck tests 
with the WorldSID 5F rev 1. Instead, they 
reassessed the results from WorldSID 5F prototype 
in Neck Test 1 from Been et al. [1] to corridors 
based on a "new scaling method" and reported a 
biofidelity score of 6.5.  

Shoulder Test 1, the 4.5 m/s pendulum impact, was 
conducted with both versions of WorldSID 5F and 
both received a biofidelity score of 7.1.  In 
Shoulder Test 2, the 7.2 G sled test, WorldSID 5F 
with mod kit had a score of 2.5.  The WorldSID 5F 
rev 1 was not subjected to Shoulder Test 2, but 
Eggers et al. [2] carried over the score of 6.3 from 
the WorldSID 5F prototype despite changes made 
to the shoulder and arm for rev 1.   

WorldSID 5F with mod kit received biofidelity 
scores of 5.0 for both Thorax Test 1, the 4.3 m/s 
impact, and Thorax Test 2, the 6.0 m/s impact. The 
thorax biofidelity scores of WorldSID 5F rev 1 
given in Table 8 of Eggers et al. [2] are 
inconsistent with the pendulum force-time histories 
for Thorax Test 1 and Thorax Test 2, shown in 
Figures 6 and 7, respectively, of the same 
publication.  Each figure shows the responses of 
three impacts.  Based on the pendulum force-time 
histories for Thorax Test 1, the WorldSID 5F rev 1 
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should have received an average score of 5.  For 
Thorax Test 2, it should have received an average 
score of either 1.7 or 3.3, depending on whether 
the scores for the individual tests are 0, 0, 5 or 0, 
5, 5.  For the thorax pendulum tests, both versions 
of WorldSID 5F have fair biofidelity. 

For Thorax Test 5, the 6.8 m/s rigid sled test, the 
biofidelity scores of WorldSID 5F rev 1 and 
WorldSID 5F mod kit are identical, with only one 
exception.  The thorax plate force-time history of 
one test with WorldSID 5F rev 1 was just outside 
the upper boundary. The other two tests of the 
WorldSID 5F rev 1 and all three test of the 
WorldSID 5F with mod kit were just within the 
upper boundary.  For the 6.8 m/s rigid sled tests, 
both versions of WorldSID 5F have fair 
biofidelity. 

Both versions of WorldSID 5F were evaluated in 
Abdomen Test 3, the 6.8 m/s rigid sled test.  They 
received identical biofidelity scores of 5.0.   

The WorldSID 5F with mod kit was evaluated in 
Pelvis Test 1, the 6.0 m/s pendulum impact, with 
the 10.1-kg, spherical-face impactor specified by 
Irwin et al. [5]. Tests with the WorldSID 5F rev 1 
were conducted with a 14-kg impactor, but the 
geometry of the impactor face was not reported.  
Eggers et al. [2] scaled the results to estimate the 
responses of a 10.1-kg impactor.  Both the 
WorldSID 5F rev 1 and WorldSID 5F with mod kit 
had excellent biofidelity in Pelvis Test 1.   

Pelvis Test 7, the 6.8 m/s rigid sled test in the 
Heidelberg configuration, was conducted with both 
versions of WorldSID 5F. Differences in the test 
conditions and data processing make a direct 
comparison of the responses more difficult.  The 
captions for Figures 22 and 23 of Eggers et al. [2] 
indicate a velocity of 7.6 m/s.  The pelvis plate 
forces labeled "ISO normalized" are 33% to 35% 
higher than the data labeled "EEVC Normalized," 
despite the lower sled velocity specified in 
ISO/TR 9790. The data without normalization are 
not provided and neither the ISO normalization nor 
EEVC normalization are defined. Given the 
preceding caveats, it is not possible to confirm that 
the WorldSID 5F rev 1 with a score of 2.2 is 

actually less biofidelic than the WorldSID 5F with 
mod kit score of 4.4 for Pelvis Test 7.   

In Pelvis Test 10, the 6.8 m/s rigid sled test in the 
WSU configuration, the width of the pelvis plate 
used with WorldSID 5F rev 1 was 264 mm [8] 
while that used with WorldSID 5F with mod kit 
was 359 mm wide.  The figure caption indicates 
that the WorldSID 5F rev 1 pelvis plate force was 
"ISO normalized." Two of the three force-time 
histories have peak values greater than the upper 
boundary plus one corridor width, which would 
lower the score for WorldSID 5F rev 1 from 5.0 
reported by Eggers et al. [2] to 3.1 for Pelvis 
Test 10. This compares to a score of 2.2 for 
WorldSID 5F with mod kit.  Both versions of 
WorldSID 5F are rated unacceptable in Pelvis 
Test 10. 

When considering only the biofidelity scores in 
Table 5, one could conclude that the WorldSID 5F 
with mod kit is less biofidelic than the 
WorldSID 5F rev 1. However, when the 
comparison is limited to those test conditions 
under which both were evaluated, there is little 
difference in biofidelity. See Table 6. It is difficult 
to differentiate the effects on the biofidelity score 
attributable to the mod kit versus those resulting 
from differences in test procedures and data 
processing. 

Table 6. 
Regional and overall biofidelity scores of 

WorldSID 5F with mod kit and WorldSID 5F 
rev 1 for equivalent tests 

 
 

Body 
Region 

WorldSID 5F 
with mod kit 

WorldSID 5F 
rev 1 [2] 

Head not tested 10 
Neck 5.3 not tested 
Shoulder 7.1a 7.1a 
Thorax 6.0b 5.5b 
Abdomen 5.0  5.0 
Pelvis 7.9c 8.1c 

  a   Results from Shoulder Test 1 only 
  b   Results from Thorax Test 5 only 
  c   Results from Pelvis Tests 1 & 10 only 
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Comparison of WorldSID 5F with mod kit to 
SID-IIs BLD 
SID-IIs went through several revisions and build 
level changes during its federalization into Part 
572 [9]. Part 572, Subpart V defines the SID-IIs 
Build Level D (BLD), which was previously 
referred to as SID-IIs BLD+ by the Occupant 
Safety Research Partnership.  Its overall biofidelity 
score was reported as 6.2, or fair.  However, the 
evaluation included padded impact tests that could 
not be conducted with WorldSID 5F with mod kit. 
Table 7 compares the biofidelity of WorldSID 5F 
with mod kit and SID-IIs BLD over an identical 
subset of the test conditions. Although there were 
changes in some of the body region scores, the 
overall score remains the same.  At this time, 
replacing SID-IIs BLD with WorldSID 5F cannot 
be justified on the basis of improved biofidelity.    

Table 7. 
Regional and overall biofidelity scores of 

WorldSID 5F with mod kit and SID-IIs BLD for 
equivalent tests 

 
 

Body 
Region 

WorldSID 5F 
with mod kit 

SID-IIs BLD 

Head 10 7.5 
Neck 5.3 5.1 
Shoulder 5.4 6.2 
Thorax 5.5 7.0 
Abdomen 6.1 6.8 
Pelvis 4.6 4.5 
Overall 6.1 6.2 

 
 
Biofidelity improvement of WorldSID 5F  
The WorldSID 5F Biofidelity Improvement Task 
Group was organized by Humanetics Innovative 
Solutions to propose changes to the WorldSID 5F 
to improve the biofidelity, making it significantly 
better than SID-IIs BLD.  The task group will 
perform an engineering evaluation of the current 
WorldSID 5F.  Proposed changes will be presented 
to the Technical Evaluation Group for approval.  

CONCLUSIONS 
 
The biofidelity for the WorldSID 5F with mod kit is 
fair, which is not as good as the published biofidelity 
of the WorldSID 5F rev 1. However, when the two 
versions are compared against an identical subset of 

ISO/TR 9790 tests there is little difference in their 
biofidelity scores.  

The overall ISO/TR 9790 biofidelity score for 
WorldSID 5F with mod kit is nearly the same as the 
SID-IIs BLD. Before the WorldSID 5F is accepted 
for use, the durability should be improved and the 
biofidelity of each body region should be good or 
excellent. 
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Table A1. 
ISO/TR 9790 measurements and scaled corridors used to assess the biofidelity of test results from 

WorldSID 5F with mod kit. 
 

 
ISO/TR 

9790 Tests 
Measurement (Unit) Corridor Width Test Results 

Neck 1 & 
Shoulder 2 

Peak horiz displ head wrt T1 (mm) 121-151 30 115 112 120 
Peak vert displ head wrt T1 (mm) 80-118 38 110 116 115 
Time of peak head excursion (s) 0.161-0.177 0.016 0.169 0.168 0.170 
Peak head lat accel Ay (G) 8-11 3 9.2 9.1 9.4 
Peak head vert accel Az (G) 10-13 3 9.3 9.5 9.2 
Peak flexion angle (degrees) 56-75 19 67 66 67 
Peak twist angle (degrees) -57 to -41 16 Could not calculate 
Peak T1 lat accel Ay (G) 15-22 7 10.1 10.9 11.0 
Peak horiz displ T1 wrt sled (mm) 38-51 13 72.6 73.6 75.5 

Neck 2 Peak flexion angle (degrees) 51-64 13 65 67 71 
Peak moment Mx at O.C. (Nm) 34-43 9 18.9 19.1 19.5 
Peak moment My at O.C. (Nm) 17-26 9 1.7 3.1 3.4 
Peak moment Mz at O.C. (Nm) 10-13 3 3.9 3.8 4.2 
Peak shear Fx at O.C. (N) 261-321 60 46 59 57 
Peak shear Fy at O.C. (N) 602-682 80 329 325 316 
Peak tension Fz at O.C. (N) 357-408 51 324 369 352 
Peak resultant head accel (G) 18-24 6 13.5 13.5 12.8 

Neck 3 Peak head lat accel Ay (G) 25-47 22 10.2 10.4 10.6 
Peak horiz displ head wrt sled (mm) 185-226  218 212 208 
Peak flexion angle (degrees) 79-95 16 81 81 81 
Peak twist angle (degrees) 79-95 16 Could not calculate 

Shoulder 1 Pendulum force (kN)  0.8 See Figure 5 
Peak shoulder deflection (mm) 28-33 5 29.7 30.4 30.0 

Shoulder 3 Peak T1 lat accel Ay (G) 21-28 7 21.6 17.9 17.4 
Thorax 1 Pendulum force (kN)  1.5 See Figure 6 

T1 lat accel Ay (G)  8 See Figure 7 
Thorax 2 Pendulum force (kN)  1.3 See Figure 8 
Thorax 3 Thorax plate force (kN)  - See Figure 9 

Peak deflection of impacted rib (mm) 21-31 10 36 30 33 35 34 
31 33 33 34 33 

Thorax 5 Thorax plate force (kN)  - See Figure 10 
Peak T1 lat accel Ay (G) 100-149 49 59.9 45.2 57.3 
Peak T12 lat accel Ay (G) 87-131 44 68.7 62.0 73.0 
Peak thorax rib 1 lat accel Ay (G) 78-122 44 163 156 155 

Abdomen 1 Armrest force (kN)  1.5 See Figure 11 
Peak lower spine lat accel Ay (G) 35-43 8 38 32 33 30 

38 38 35 - 
Peak lat accel of impacted rib (G) 122-153 31 329 326 365 441 

307 292 340 - 
Peak abdominal penetration (mm) ≥33 - 37 44 40 38 

38 37 38 - 
Abdomen 3 Abdomen plate force (kN)  1.1 See Figure 12 
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Table A1 (continued).  
ISO/TR 9790 measurements and scaled corridors used to assess the biofidelity of test results from 

WorldSID 5F with mod kit. 
 

ISO/TR 
9790 Tests 

Measurement (Unit) Corridor Width Test Results 

Pelvis 1 Pendulum force (kN)  - See Figure 13 
Pelvis 3 Peak lat accel Ay (G) 46-56 10 30 33 34 

36 32 33 
 Peak lat accel Ay (G) 78-95 17 56 53 54 55 53 

53 54 60 58 58 
Pelvis 7 Peak pelvis plate force (kN) 4.6-5.6 1.0 7.37 7.25 7.41 

Peak pelvis lat accel Ay (G) 78-95 17 91.0 92.1 91.3 
Pelvis 10 Peak pelvis plate force (kN)  1.4 See Figure 14 

Peak pelvis lat accel Ay (G) 105-142  86.2 90.6 90.4 
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ABSTRACT 
 
Go-karting is a popular recreational motor sport in Australia and many other countries. Go-karts are small, 
motorised vehicles that are capable of relatively high speeds. Because of their small size, go-karts present 
unique crashworthiness challenges to their designers (not unlike micro automobiles and quadricycles). The 
small distances involved result in limited opportunity for ride-down decelerations of crash forces in frontal and 
other crash involvements. The international commercial and racing go-karting industry continues to 
recommend the rider be unbelted, so they can eject from the go-kart during a crash. Hence, the European 
Commission’s EN 16230 standard specifying go-kart into go-kart crashworthiness tests only requires an 
effective velocity change (delta V) of 7 km/h claiming higher test speeds are impractical. 
 
This study demonstrates that a crashworthy go-kart for higher impact speeds with the rider restrained with a 3-
point belt is possible. A practical dynamic crashworthiness performance functional test for commercial hire go-
karts and associated track barrier and other infrastructure systems was developed. The results of this research 
are being considered as a crashworthiness test requirement in a revision of the Australian Standard for 
concession go-karting and associated track infrastructure safety. 
 
The crash test described in this paper were developed based on results from reconstructions of two fatal go-kart 
crashes reported elsewhere. For each fatality, a MADYMO model was developed to represent the driver, go-
kart and barrier system. Alternative barrier designs and seat belt configurations were then modelled. Based on 
results of those fatal crash reconstructions and modelling of different barrier and restraint scenarios, it was 
demonstrated that requiring riders to wear seat belts and carrying out crash tests at higher speeds was practical 
and would improve go-kart crashworthiness. Subsequently, a series of crash tests were devised in conjunction 
with industry representatives, that would be demonstrative of typical crash scenarios in a concession based go-
kart environment. Go-kart into go-kart impacts were conducted in frontal and nose-tail at 50 km/h based on 
European test configurations at the New South Wales state government Crashlab facility near Sydney in 
Australia. Tests were also conducted on a range of barrier designs. Two impact configurations were tested: one 
at 25 km/h at a 90 degree impact angle and one at 50 km/h at 25 degree impact angle.  
 
The results of modelling of fatal crashes as well as crash testing into different barrier configurations and 
vehicle to vehicle testing has proven high energy crashes (crashes at the track design top speed) involving go-
karts on concession tracks can be made survivable with the use of appropriate restraint systems in the vehicle 
and effective barriers designed for likely impacts. The study outcomes have revealed that the European 
Commission (2016) EN 16230 standard frontal impact test should be set at a much higher impact speed, 
encouraging improvements to be made to occupant protection and crash barriers systems for go-karts used in 
that jurisdiction. 
 
INTRODUCTION 
 
Go-karting is a popular recreational motor sport in 
Australia and many other countries (Commission 
Internationale de Karting, 2017). Go-karts are 
small, motorised vehicles that are capable of 

relatively high speeds. Because of their small size, 
go-karts present unique crashworthiness challenges 
to their designers (not unlike micro automobiles 
and quadricycles). The small distances involved 
result in limited opportunity for ride-down 
decelerations of crash forces in frontal and other 
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crash involvements such as into barriers or 
infrastructure hard points. 
Investigation of Australian fatality and injury data 
between 2000 – 2007 (Grzebieta, Mitchell and 
Zou, 2014) identified there had been around 10 go-
kart related deaths in Australia in that period, or 
more than one per year. Half of these (5) occurred 
at commercial race tracks and four at off-site 
locations. One death was subject to a Coroner’s 
Inquest at the time (Grzebieta et al, 2014). 
Grzebieta et al (2014) also found there were 
around 37 hospital admissions across Australia 
each year for the period 2002/03 to 2009/10. A US 
study (Collins et al, 2007) showed go-kart injuries 
constituted approximately 13.7% of around 1.2 
million non-automobile motorised vehicle related 
injuries that presented at emergency departments 
(ED) between 1990 – 2003. 
 
The international commercial and racing go-
karting industry continues to recommend the rider 
be unbelted, so they can eject from the go-kart 
during a crash. Hence, the European Commission 
(2016) EN 16230 standard that specifies go-kart 
into go-kart crashworthiness tests only requires an 
effective velocity change (delta V or ΔV) of 7 
km/h claiming higher test speeds are impractical. 
The standard does not specify any tests into 
barriers that redirect the go-kart. 
  
This position, recommending the rider be unbelted, 
is contrary to the principles of vehicle occupant 
protection first espoused in the widely acclaimed 
work Accident Survival – Airplane and Passenger 
Automobiles by De Haven in 1952. De Haven 
related occupant protection in vehicles to the 
packaging principles used in the transport industry. 
In simple terms, De Haven’s four principles are:  
 

(a) The vehicle occupant compartment should 
contain its occupants (no ejection) and 
should not collapse under reasonable or 
expected conditions of force.  

 
(b) The materials that surround and shield 

the occupant compartment should be 
capable of resisting crash forces by 
yielding and absorbing energy.  

 
(c) Vehicle occupants should be restrained 

within the occupant compartment to 
prevent the second collision (injurious 
impact with the interior of the occupant 
compartment). 

 
(d) Padding must be provided for parts of the 

occupant compartment that the occupant 
might strike. 

 

De Haven’s principles remain as directly relevant 
to vehicle safety today as they were in 1952  and 
apply equally to go-karts as for any other vehicle 
types. 
The objectives of this study were to demonstrate 
that a crashworthy go-kart rated at a higher delta V 
impact speed with the rider restrained with a 3-
point belt is possible, and to develop practical 
functional dynamic crashworthiness performance 
tests for commercial hire go-karts and associated 
track barriers and other infrastructure systems 
trackside. 
     
The results of this research are being considered in 
the current revision of the Australian Standard AS 
3533.4.4-2011 (Standards Australia, 2011) as a 
possible crashworthiness performance requirement 
for go-karts and track barrier safety. 
 
METHODS AND DATA SOURCES 
 
Two fatal go-kart crashes were reconstructed by 
Grzebieta et al. (2013, 2014). The first involved a 
crash that occurred at an organised street racing 
event called the Wollongong City Kart Prix in 
Australia (Grzebieta et al., 2013). The go-kart 
track was lined with empty plastic barriers that 
would otherwise be filled with water for ballast in 
order to redirect an errant vehicle in traffic 
conditions at roadworks. After crossing the finish 
line, the go-kart impacted the barriers at a speed 
estimated to be in excess of 100 km/h. The driver 
was flung from the kart head first into the barrier 
and received fatal spinal and other injuries. The 
fatality was reconstructed using computer 
simulation. A MADYMO model was developed to 
represent the driver, go-kart and barrier system. A 
second model was constructed where the driver 
was properly restrained and the barrier was 
redesigned to have a smooth interface and heavier 
than the empty KI 1000 barriers. The smooth 
barrier was capable of safely redirecting the go-
kart such that it travelled parallel to the barrier 
after impact and the seat belts restrained the rider 
from being thrown forward. The rider would have 
likely survived the crash. 
 
A reconstruction of a second fatal crash involving 
a helmeted and four-point harness seat belted small 
female rider who suffered a basilar skull fracture 
was also undertaken (Grzebieta, et al., 2014). The 
fatal crash occurred at a speed of 25 km/h and an 
impact angle of 90 degrees into the concrete 
barrier of a hire go-kart track that was lined with a 
single row of unconnected car tyres. The 
reconstruction again included use of MADYMO 
computer simulation models to determine how a 
four-point harnessed occupant could receive the 
fatal injury.  
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Investigation of the effectiveness of a single tyre 
against a concrete wall barrier for crash energy 
absorption was undertaken. A Baldwin universal 
compression-testing machine was used to 
determine the load deformation characteristics of 
the tyre compressed across its diameter. This load 
deformation curve produced was then used to 
simulate the interaction between the go-kart and 
the barrier. 
 
Two different barrier scenarios were then 
modelled. The first scenario employed tyres joined 
together laterally and placed 0.5 metres in front of 
the concrete wall. The second scenario employed 
two tyres placed in series in front of the wall. A 
fourth scenario was modelled, adding a crotch 
strap fifth point of attachment to the safety harness 
to stop harness “ride up”.  
  
Based on results of the crash reconstructions and 
modelling of different scenarios, a series of crash 
tests were developed, in conjunction with industry 
partner committee members helping revise the 
Australian Standard AS 3533.4.4-2011 for go-karts 
and associated track infrastructure safety. Both go-
kart into go-kart tests and go-kart into barrier tests 
were devised that would be representative of 
typical higher energy crash scenarios and test 
configurations that the EN 16230 standard requires 
in a concession based go-kart environment. The 
objective of the tests was a proof of concept that 
crash tests could be carried out, that practical 
results could be obtained and that the 
crashworthiness of go-karts and barriers could be 
improved at these higher ΔV values. These 
dynamic tests were undertaken at the New South 
Wales (NSW) State Government Roads and 
Maritime Services Agency’s Crashlab test facility.  
 
A survey of Australian kart operators identified a 
common maximum speed for indoor karts at 
45 km/h and outdoor karts at 70 km/h. Hence, a 
design speed for concession tracks was chosen as 
50 km/h. The striking (bullet) go-kart travelling at 
50 km/h impacting the stationary target go-kart of 
the same model and mass, results in a 
ΔV = 25 km/h. For barrier impacts, angled impacts 
(25 degrees) were conducted at 50 km/h. This is 
equivalent to a striking impact velocity of 21 km/h 
perpendicular into the barrier. For this reason, the 
impact speed for perpendicular impacts (90 
degrees) was set at 25 km/h. 
  
The test vehicle used for all crash tests was a 
RiMO EVO6 go-kart supplied by RiMO Australia 
being representative of the current generation of 
go-kart fleets in Australia. Kingston Park Raceway 
supplied all the barriers. 
 

The Crashlab tow system was used to propel the 
striking go-kart up to the either required impact 
test speeds of 25 km/r and 50 km/h. The tow cable 
was released just prior to impact. Instruments to 
measure three axis of linear and rotational 
acceleration were fitted at the go-kart’s centre of 
gravity. A data acquisition system, emergency 
remote control braking system and a power supply 
(battery) were also fitted to the kart. To maintain 
the original in-service vehicle mass and weight 
distribution it was necessary to remove the engine 
in the strike vehicle to accommodate the Crashlab 
test equipment. The impacted (target) go-kart was 
the same go-kart with no alterations and same 
mass. 
 
All vehicles used in testing had a 50th percentile 
Hybrid III Anthropomorphic Test Device (ATD) 
with a nominal mass of 78kg fitted. The 50th 
percentile Hybrid III represents the average sized 
adult male and is the most widely used and 
commonly available crash test dummy in the 
Hybrid III ATD family. The advantage of using 
the Hybrid III 50th ATD in providing the required 
occupant ballast is that it also simulates the 
occupant’s likely kinematic response (dynamic 
movement) in a real world crash during impact.  
 
The first set of tests carried out were the go-kart 
into go-kart tests. Test 1 is a head on collision set 
up as shown in Figure 1 based on the European test 
configuration (European Commission, 2016). The 
striking go-kart travels at 50 km/h and impacts the 
stationary go-kart nose to nose such that the two 
longitudinal axes of the go-karts are aligned. 
Because the two go-karts have the same mass the 
change in velocity experienced by the ATD in 
either go-kart will be half the striking go-kart’s 
speed, i.e. ΔV = 25 km/h.  
 
A second go-kart into go-kart test was also carried 
out albeit the configuration was such that the 
striking go-kart hits the rear of the stationary go-
kart that was again the same make and mass as the 
striking go-kart as shown in Figure 2. Again, the 
test configuration was based on the European test 
(European Commission, 2016) the change in 
velocity both ATDs experienced was 25 km/h. 
 
As mentioned earlier, tests were also conducted on 
a range of barrier design options at 25 km/h at 
90 degree impact angle and 50 km/h at 25 degree 
impact angle. The test matrix for the barrier test 
sequence is shown at Table 2. 
 
A video recording at 500 frames per second 50 ms 
just prior to impact and until the end of the crash 
event was taken. An overhead and side view that 
clearly showed the striking vehicle and object 
struck through the whole crash event and until the 
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striking vehicle and objects struck (either go-kart 
or barrier) came to rest, was recorded.  
 
Photographs of the test configurations that include 
images of the respective vehicles and barriers from 
overhead, side, forward and rear views before and 
after testing were also recorded and documented.      
 
The deceleration in the longitudinal and lateral 
directions within the go-kart’s horizontal plane 
was measured and recorded. The accelerometers 
were attached to an appropriate fixture that was 
located on the go-kart’s longitudinal centreline as 
close as practicable to the go-kart’s centre of 
gravity in the test configuration, i.e. vehicle 
combined with instrumentation and ATD. The 
accelerometers mounting fixture are directly fixed 
to the go-kart’s main chassis frame in such a 
manner so as to ensure that any decelerations 
measured were of the frame and not of any other 
part that moves relative to the frame during the 
crash test. 
 
For each crash test configuration specified, 
deceleration of the striking go-kart and 
acceleration of the struck go-kart was sampled at a 
frequency of 10 kHz and processed using a 
CFC180 filter. The velocity of the go-kart was also 
recorded just before impact. 
 
EVALUATION CRITERIA 
 
The evaluation of the go-kart into go-kart tests and 
each barrier’s crash test performance included 

observations and assessment of the risk to the go-
kart rider, and in the case of the barrier tests the 
barrier’s structural adequacy, and the trajectory of 
the vehicle. The criteria commonly used to assess 
road safety barriers in the United States (US) 
Recommended Procedures for the Safety 
Performance Evaluation of Highway Features 
(Ross et al., 1993) based on the Flail Space model 
(Tan et al., 2017) was adapted to both the go-kart 
into go-kart tests and the go-kart into barrier tests. 
This is described in more detail as:  
 
Structural Adequacy 
Detached elements, fragments or other debris 
during impact from either the go-kart or the safety 
barrier should not present an undue hazard to the 
driver, to other go-kart drivers or track personnel 
operating the facility.  
 
Occupant Risk.  
The two measures of occupant injury based on 
acceptable Occupant Impact Velocity and Ride-
down Acceleration as shown in Table 2 and Table 
3 respectively. 
 

Table 1. 
Occupant Impact Velocity for barrier testing 

 
Occupant Impact Velocity  Preferred 

(m/sec) 
Max. 

(m/sec) 
Longitudinal (Vx) 9 12 

Lateral (Vy) +/-9 +/-12 

 

 
 

                    Figure 1. Test 1: Head-on impact conducted at 50 km/h into a stationary target vehicle 
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Figure 2. Test 2: Rear impact Rear impact test conducted at 50 km/h into stationary target vehicle 
Table 2. 

Barrier Test Matrix 
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.  

Table 3: 
Acceptable Occupant Ride-down Accelerations 

for barrier testing 
 

Ride-down Acceleration 
Preferred 

(g’s) 
Max. 
(g’s) 
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Longitudinal (Gx) -15 -20 
Lateral (Gy) +/-15 +/-20 

 
The Occupant Impact Velocity is the velocity at 
which a hypothetical, unrestrained occupant would 
impact a hypothetical vehicle interior surface. 
Ride-down acceleration is determined as the 
10 millisecond average deceleration a hypothetical, 
unrestrained occupant would experience when 
impacting a hypothetical vehicle interior surface, 
i.e. flailing and striking the steering wheel in the 
case of a go-kart. 
 
Go-kart Into Go-Kart Performance Criteria  
For the go-kart into go-kart crash tests the 
following criteria were established: 
 

• In accordance with Table 2, the driver impact 
velocity must be less than 12 m/s (43 km/h) but 
preferably 9 m/s (32 km/h) or less; 

 
• In accordance with Table 2, the average ride 

down deceleration must be less than 20 g’s but 
preferably 15 g’s or less;  

 
• Driver’s head in both the striking and the 

struck go-kart should not contact the steering 
wheel. 

 
• The go-kart should remain upright during and 

after collision although moderate roll, pitching 
and yawing are acceptable; 

 
• The go-kart should not penetrate into, under-

ride, or over-ride the struck go-kart such that it 
presents a hazard to the rider of the striking 
vehicle or the struck vehicle; 

 
• Controlled deformation of either go-kart’s 

bumper system is acceptable so long as any 
deformation or fracture does not present a 
hazard to either driver or track personnel 
operating the facility;  

 
• Detached elements, fragments or other debris 

during impact from either go-kart should not 
present an undue hazard to either driver or 
track personnel operating the facility;  

 
Go-kart Into Barrier Performance Criteria 

 
For the go-kart into barrier crash tests the 
following criteria were established: 

 
• In accordance with Table 2, the driver impact 

velocity must be less than 12 m/s (43 km/h) but 
preferably 9 m/s (32 km/h) or less; 
 

• In accordance with Table 2, the average ride 
down deceleration must be less than 20 g’s but 
preferably 15 g’s or less;  
 

• The striking go-kart’s exit angle from the 
safety barrier preferably should be less than 15 
degrees, measured at time of the go-kart’s loss 
of contact with the safety barrier;  

 
• The go-kart should not penetrate through, 

under-ride, or override the safety barrier 
although controlled lateral deflection (working 
width) of the safety barrier is acceptable. 

  
• The go-kart preferably should not snag or be 

pocketed in the case of an angled 25 degree 
impact by the barrier during impact;  

 
• The go-kart should remain upright during and 

after collision although moderate roll, pitching 
and yawing are acceptable;  

 
 

RESULTS  
The head on impact (B14007) and the rear impact 
(B14008) test results are respectively shown in 
Appendix A. For both head-on and rear impact 
tests the Occupant Impact Velocity and the Ride-
down Acceleration were within limits of the injury 
criteria based on the flail space model. However, 
for the head-on impact in both the striking (bullet) 
go-kart and struck (target) go-kart the helmet on 
the ATD contacted the steering wheel. On closer 
observation of the high speed videos, it was clear 
that excessive real out of the sash part of the belt in 
combined with the deflection of the go-kart’s roll 
bar to which the sash guide was attached, led to the 
helmet contacting the steering wheel. It was 
proposed that stiffening the roll bar and using 
webbing clamps to reduce belt real out would help 
prevent this contact. 
 
The test results B14012 to B14022 for the go-kart 
into barrier crash tests are also respectively shown 
in Appendix A. For all barrier tests, the Occupant 
Impact Velocity and the Ride-down Acceleration 
were also within limits of the injury criteria based 
on the flail space model. However, in tests 
B14013, B14014, B14015, B14016, B14019 and 
B14020 the ATD’s helmet made contact with the 
steering wheel. There was no damage to the 
vehicle or barrier in tests B14012, B14013, 
B14014, B14015, B14016, and B14017.  
 
However, of particular concern with the go-kart 
into barrier tests was test B14019. The go-kart was 
not redirected by the barrier but instead continued 
forward and under-rode the barrier. This resulted 
in the barrier impacting the ATD in the chest and 
head. The steering wheel was bent backwards by 
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the force. This impact would have been 
particularly hazardous for a rider. 
 
A similar under-ride situation was observed is Test 
B14020. The go-kart commenced to under-run the 
barrier on impact without any redirection until it 
pocketed and then began to rotate in a clockwise 
direction. The steering wheel was forced to turn 
hard right and was struck by the Hybrid III’s 
helmeted head. 
 
DISCUSSION AND LIMITATIONS 
The results of modelling of fatal crashes as well as 
crash testing go-kart into go-kart impacts and go-
kart into different barrier configurations has 
proven higher energy crashes than those adopted in 
the EN 16230 standard (European Commission, 
2016) involving go-karts on concession tracks are 
practical and offer increased crashworthiness with 
the use of appropriate restraint systems in the 
vehicle and effective barriers designed for likely 
impacts. Had the go-karts and barriers undergone 
such testing in the case of the two fatalities 
investigated by Grzebieta et al. (2013, 2014) both 
deceased riders would have survived the crash, 
highly likely without serious injury. 
  
Ride down accelerations have been demonstrated 
to be able to be kept below injurious levels (less 
than 9 m/s) and occupant injury values less than 15 
g through use of a 3 point seat belt and appropriate 
barrier design. 
 
Go-kart Into Go-kart Tests.  
The results of the go-kart into go-kart impact crash 
testing showed Occupant Impact Velocity and 
Ride-down Accelerations were within tolerable 
limits, but head strike against an unpadded steel 
steering wheel remained problematic. Use of a 
helmet complying with Australian and New 
Zealand Standard 1698: Protective Helmets for 
Vehicle Users, as well as using a deformable 
steering wheel rim and padded steering hub can 
assist with mitigating this injury risk. However, 
use of a 3 point belt with a webbing clamp and a 
stiffened roll bar where the sash is either anchored 
or guided, would sufficiently restrain the rider’s 
torso so that head strike does not occur. 
Alternatively, improved seat belt configuration 
(correctly adjusted 5 point restraint with a crotch 
strap) was shown by modelling to minimise the 
risk of head strike in crashes (Grzebieta et al., 
2014). 
  
Go-kart into Barrier Tests:  
The results of go-kart into barrier crash testing 
showed Occupant Impact Velocity and Ride-down 
Accelerations were also within tolerable limits, but 
head strike against an unpadded steering wheel 

was also problematic in a number of those impacts. 
In two cases the go-kart under-rode the barrier. 
Key issues detected among the go-kart into various 
barrier tests conducted were: 
 

• Two storey tyre configurations tended to allow 
under-ride of the barrier, even with a conveyor 
belt front piece fitted. Continuous smooth facia 
plastic barriers should be used to control and 
redirect an errant go-kart; 

  
• Sufficient dynamic working width distance 

(movement during impact) behind the barrier is 
required to allow the barriers to effectively 
absorb crash energy through control movement 
without under-ride; and 

 
• Tyre barriers fitted against a solid concrete wall 

resulted in head strike against the steering 
wheel. The implication here is where available 
track design space does not permit a large 
dynamic working width distance for the barrier 
to operate, then go-karts fitted with 3 point 
restraint systems need to have webbing clamps 
with a properly stiffened roll bar through which 
the sash part of the belt is fed. Alternative, a 5 
point seat belt harness can be fitted but these 
belts must be correctly adjusted to a snug fit to 
minimise occupant movement relative to the 
vehicle. 

 
General Comments 
The study outcomes have revealed that the EN 
16230 standard frontal and rear impact test 
(European Commission, 2016) should be set at a 
much higher delta V, encouraging improvements 
to be made to occupant protection systems for go-
karts used in that jurisdiction. The EN 16230 
standard should also include go-kart into barrier 
crash tests. 
 
The results of this research are being considered 
for possible inclusion into the revised Australian 
Standard for go-kart and associated track 
infrastructure safety (Australian Standard 3533.4.4  
Amusement Rides and Devices - Go Karts).  
 
The data and results contained in this paper relate 
only to the specific vehicle and safety barriers 
tested. The vehicle tested was a used vehicle 
supplied as being suitable for the purpose of 
conducting go-kart barrier tests. The method by 
which safety barriers and components are 
assembled and the conditions under which they are 
installed may vary the performance results. 
 
CONCLUSIONS 
 
Simulations and crash tests revealed that it is 
possible to reduce injury risk for much higher 
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impact speeds involving go-karts than is currently 
considered appropriate by the international 
commercial and racing go-karting industry. This 
study also proves it is possible to develop a 
practical and realistic dynamic crashworthiness 
performance test for commercially manufactured 
go-karts. 
 
This paper has focussed on the research related to 
the safety performance of a go-kart that is subject 
to the same deceleration distance challenges as the 
micro and sub-compact cars, in terms of restraint 
and crashworthiness in a frontal crash with a 
special emphasis of restraint design pertaining to 
the rider. Wider application of these results may be 
possible for example in the go-kart racing 
environment with additional research. 
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APPENDIX 
 
The following results have been extracted from the NSW Roads and Maritime Services Crashlab TEST 
Report No BR2014/012 Go Kart Crash Barrier Tests, Project No: S/07509 authored by Dal Nevo R. and 
Lai A. for the client TARS UNSW.  
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ABSTRACT 
 
Euro NCAP has been developing a new car-to-car frontal offset crash test protocol including crash 
compatibility assessment. The current frontal offset test called ODB (Offset Deformable Barrier) test will be 
substituted by the new test in 2020. This new test uses a new barrier called MPDB (Mobile offset Progressive 
Deformable Barrier). The anthropomorphic test device (ATD) in the front seats will be changed from Hybrid-
III 50th percentile male to THOR (Test Device for Human Occupant Restraint) 50th percentile male.  
 
In this paper, two full car-to-car crash tests have been conducted. A THOR 50th percentile male dummy in 
the driver position and a Hybrid-III 50th percentile male dummy were seated in the front passenger position. 
Also, Q6 and Q10 were seated in the rear position. The test results are consisted of vehicle responses, 
occupant responses and crash compatibility assessment. In the second MPDB test, additional restraint 
systems are used to improve occupant response. The crash compatibility is assessed by standard deviation of 
the barrier intrusion, energy absorption and delta-V of the MPDB. 
 
In the vehicle responses, the crash severity was increased as the relative impact speed comparison with ODB 
test. The vehicle deformation and Y-direction movement were similar with ODB test, but the vehicle body 
pulse severity was increased remarkably. The crash event timing of MPDB was faster than ODB test. So this 
pulse severity was similar to the full frontal impact at 50km/h. 
  
In the occupant responses, most of injury criteria were increased. Especially, the chest compression values of 
front seats were significantly increased because of increased body pulse severity and THOR dummy’s multi-
point measurement system. In the second MPDB test, the improvement possibility of the chest compression 
value was identified, so it needs a study of the additional optimization method such as CAE and sled test. 
 
In the crash compatibility assessment, final ratings were bare minimum. The causes of this result were the 
fracture of the front-end beam and the poor deformation of the front side member. In order to improve the 
crash compatibility, it needs the improved structure such as the body structure using the multi-load path 
system which helps distributing crash energy to various sub-structures. 
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INTRODUCTION 

In recent years, New Car Assessment Program 
(NCAP) of many countries have urged automakers to 
improve the vehicle crashworthiness. The vehicles 
comply with most of the requirements of NCAP 
standard crash test configurations. So, passenger 
cars have become much safer than before.  
 
However, the current NCAP standards don’t cover all 
types of real traffic accidents. Also rapid-increasing 
market share of compact cars and SUVs has brought 
for both consumer and automaker to pay more 
attention on crash compatibility. Compact cars and 
SUVs are structurally different, the vehicle’s body 
structure may not be able to absorb the impact 
energy sufficiently. It can also cause serious injuries 
to passengers on compact cars.  
 
Figure 1 shows that the risk of getting seriously of 
fatally injured in a crash is approximately twice as 
high in very light vehicles (<950kg) (over 27%) as in 
very heavy vehicles (>1750kg).This shows that the 
light vehicles are very vulnerable to the vehicle crash 
compatibility. [1] 
 

 
Figure 1. Percentage of severely and fatally 
injured in car-to-car front-end collisions by 
vehicle mass (ADAC accidents research data) 
 
Therefore, many countries have tried to develop the 
new crash test mode and update the present crash 
test mode of NCAP. In Europe, Euro NCAP has been 
developing a new car-to-car frontal offset crash test 
protocol including the vehicle crash compatibility 
assessment. 
 
In this paper, it is addressed that vehicle responses, 
occupant responses and vehicle crash compatibility 
performance from full vehicle crash tests using the 
new car-to-car frontal offset test protocol of Euro 
NCAP. 

TEST PROTOCOL 

The new car-to-car frontal offset crash test protocol 
of Euro NCAP, illustrated below in Figure 2, involves 
a Mobile offset progressive deformable barrier 
(MPDB) weighting 1,400 kg(with the trolley weight) 
which impacts a testing vehicle at a speed of 50 
km/h, a zero degree angle, and a 50 percent overlap. 
A test vehicle also impact the trolley at a speed of 50 
km/h. (100 km/h approach speed) 
 

 
 
Figure 2. Euro NCAP new frontal offset impact 
test (MPDB test) 
 
And this protocol uses THOR 50th percentile male 
anthropomorphic test device with the lower leg 
part of Hybrid-III 50th percentile male dummy in 
the driver position and child dummies (Q6 & Q10) 
in the rear position. (And front passenger position, 
to be applied)  
 
This protocol assesses occupant responses and crash 
compatability. Crash compatability assessment uses 
the proposed protocol made by ADAC. 
 

TEST RESULTS 

In this paper, 2 full vehicle crash tests was 
conducted. The test vehicle was a compact car being 
sold in Europe now. The weight of the test vehicle 
was about 1,380kg, similar to the MPDB trolley’s 
weight.  
 
A THOR 50th percentile male dummy in the driver 
position and a Hybrid-III 50th percentile male 
dummy in the front passenger position were used. In 
the rear position, Q6 and Q10 dummies were seated. 
 
Retractor pretensioners and load limiters were 
mounted to all seats in the test vehicle as standard. 
In the second test, Some additional restraint systems 
in the front position was added.  
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Vehicle Responses 
 
Vehicle structure deformation  
The body structure deformation of MPDB test was 
generally similar to ODB test.  
Figure 3 shows the deformation of the front-end 
beam. The deformation occurs excessively at the end 
of the front-end beam stiffener. 
 

 
 
Figure 3. Comparison for the front-end beam 
deformation (ODB vs. MPDB) 
 
Figure 4 shows the deformation of the front side 
member. It is also generally similar to the 
deformation of ODB test. But, The deformation of 
the crash box was insufficient in MPDB test. For the 
effective absorption of impact energy, structural 
improvement of the crash box will be needed. 
 

 
 
Figure 4. Comparison for the front side member 
deformation (ODB vs. MPDB) 
 
 
 

Vehicle Body Pulse  
The vehicle body pulse of MPDB test was relatively 
more severe than ODB test. The overall event 
occurred about 40 ms earlier and the maximum 
value of the pulse was increased about 18 G. These 
are more similar to the frontal impact at 50 km/h 
than ODB test. It seems that this results was 
occurred by the high approach speed (100 km/h) of 
MPDB test. Due to the change of the event time, the 
firing time of the restraint system was also faster 
than ODB test. It was also similar to the frontal 
impact. 
 
Vehicle Y-direction movement  
Figure 5 shows the vehicle movement in the Y-
direction. When the dummies start loading on the 
airbag, between about 50ms and 150ms, MPDB test 
vehicle shifted more than ODB test vehicle. As a 
result, it seems that the movement of the dummies 
became more severe in MPDB test. 
 

 
Figure 5. Vehicle movement (Y-direction) 
 
Occupant Responses 
 
Driver (THOR 50th percentile male) 
A THOR 50th percentile male dummy was seated in 
the driver position. (ODB test uses a Hybrid-III 50th 
percentile male dummy.) Table 1 shows the result of 
head and neck injury in the driver position. HIC15 
value has increased by 44.5% compared to ODB test, 
but it meets the injury requirement. Nij value also 
has increased by 158% compared to ODB test. 
 

Table 1. 
Driver Head/Neck Injury Results 

 

criteria 
Test result 

ODB MPDB#1 MPDB#2 
HIC15 100% 144.5% 79.5% 

Nij 100% 258.0% 178.4% 
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Figure 6 shows the driver’s Nij value graph. In the 
second MPDB test, the Nij value was improved by 
the addition of some restraint systems.  
 

 
 
Figure 6. Driver Neck Injury result (Nij) 
 
Table 2 shows the results of the chest and abdomen 
injury values in the driver position. In the first MPDB 
test, the chest compression value increased 
remarkably due to increased severity of the vehicle 
body pulse and changed ATD. (THOR ATD has 4 IR-
TRACC for measuring the chest injury value) 
 

Table 2. 
Driver Chest/Abdomen Injury Results 

 

Injury criteria 
Test result 

ODB MPDB#1 MPDB#2
Chest Compression 100% 184.5% 127.3% 
 
However, in the second MPDB test, the chest 
compression value was greatly improved by 31% 
compared to the first MPDB test. Figure 7 shows that 
the chest compression value improved significantly 
after about 40ms. 
 

 
 
Figure 7. Driver Chest Deflection 
 
Table 3 shows the results of the femur and knee 
injury value. Femur force and knee slide value 

increased in MPDB test, but it meets the injury 
requirement. Acetabulum load also measured high. 
 

Table 3. 
Driver Knee/Femur/Pelvis Injury Results 

 

Injury criteria 
Test result 

ODB MPDB#1 MPDB#2
Femur Force 100% 372.9% 393.8% 

Knee Slide 100% 129.9% 220.6% 
 
Table 4 shows the results of the lower leg injury 
value. Tibia index and Tibia compression value 
increased slightly due to the increased of vehicle 
body pulse severity and footrest deformation.  
 

Table 4. 
Driver Lower leg Injury Results 

 

Injury criteria 
Test result 

ODB MPDB#1 MPDB#2
Tibia Index 100% 116.1% 112.9% 

Tibia Compression 100% 110.7% 125.7% 
 
 
Front Passenger (Hybrid-III 50th percentile male) 
A hybrid-III 50th percentile male dummy was seated 
in the front passenger position. Table 5 shows the 
results of the head and neck injury value. Head 
Injury Criterion (HIC15) increased slightly, but it 
meets the injury requirement. Neck injury criterion 
was similar to the result of ODB test. 
 

Table 5. 
Front Passenger Head/Neck Injury Results 

 

Injury criteria 
Test result 

ODB MPDB#1 MPDB#2
HIC15 100% 142.1% 104.2% 

Neck Shear 100% 147.7% 143.2% 
Neck Tension 100% 93.5% 70.7% 

Neck Extension 100% 65.7% 59.2% 
 
Table 6 shows the result of the chest injury criteria in 
the front passenger position. The chest compression 
value increased by about 14%. However, in the 
second MPDB test, the chest compression value was 
greatly improved by 27% compared to the first 
MPDB test.  
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Table 6. 

Front Passenger Chest Injury Results 
 

Injury criteria 
Test result 

ODB MPDB#1 MPDB#2
Chest Compression 100% 113.7% 83.3% 
 
Figure 8 shows the graph of the chest compression 
value. 
 

 
 
Figure 8. Front Passenger Chest Deflection 
 
Table 7 shows the results of the femur and knee 
injury value in the front passenger position. Femur 
force and knee slide value increased in MPDB test, 
but it meets the injury requirement.  
 

Table 7. 
Front Passenger Femur/Knee Injury Results 

 

Injury criteria 
Test result 

ODB MPDB#1 MPDB#2
Femur Force 100% 337.9% 177.3% 

Knee Slide 100% 33.9% 35.8% 
 
Table 8 shows the results of the lower leg injury 
value in the front passenger position. Tibia index and 
Tibia compression value increased due to the 
increased severity of the vehicle body pulse. 

 
Table 8. 

Front Passenger Femur/Knee Injury Results 
 

Injury criteria 
Test result 

ODB MPDB#1 MPDB#2
Tibia Index 100% 202.9% 138.2% 

Tibia Compression 100% 154.3% 115.0% 
 
 
 

Rear Passenger injury (Q6/Q10) 
The injury value of the child dummy in the rear 
position was generally increased due to the 
increased vehicle body pulse severity. The neck 
force(Fz) of Q6 increased by about 53%, and the 
chest acceleration of Q6 increased by about 31%. 
The neck force(Fz) of Q10 increased by about 31%, 
and the chest acceleration of Q10 increased by 
about 16%. (See Figure 9/10) 
 

 

 
 
Figure 9. Upper Neck – Fz (Q6 & Q10) 
 

 

   
 

Figure 10. Chest Resultant Acc.(Q6 & Q10) 
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CRASH COMPATIBILITY ASSESSMENT 
 
Test protocol 
In this study, the proposed protocol made by ADAC 
was used.[1] This protocol includes some criteria 
such as standard deviation of the barrier intrusion. 
Figure 11 shows the test area for compatibility. 
 

 
 
Figure 11. Test area for compatibility assessment 
 
Table 9 shows the crash compatibility assessment 
criteria. The homogeneity assessment comprises a 
statistical evaluation of the intrusion depth in the 
area under assessment. The average intrusion depth 
and the standard deviation are determined. A 
greater standard deviation means a more 
inhomogeneous deformation of the barrier and 
results in a poorer homogeneity rating. This rating 
has 5 levels; Very Good, Good, Average, Bare 
minimum, and Poor. 
 

Table 9. 
Vehicle Compatibility assessment criteria 

 
Criteria Weighting

Geometry/Homogenity 75% 

Energy Input 
PDB energy (50%) 

25% Delta-V MPDB (50%) 
 
Test Result 
Figure 12 shows the compatibility assessment result. 
Rating result was bare minimum. It seems that the 
causes were the fracture of the front-end beam (see 
figure 13) and the poor deformation of the front side 
member.  
 
In order to improve the compatibility assessment 
performance of the vehicle, it seems that the 
structural improvement is very important. First, it 
is necessary to prevent the fracture of the front-
end beam through the improvement of the shape 
and material. And the structural improvement of 
the crash box is needed for absorbing impact 

energy efficiently. In addition, it is also necessary 
to control the deformation of the front side 
member.  

 

 
 
Figure 12. Compatibility assessment result 
 

 
 
Figure 13. Front-end beam deformation 
 
 
CONCLUSIONS 
 
1) In Europe, a new frontal offset impact protocol 
based on real accident data will be developed and 
introduced in 2020 including the vehicle 
compatibility assessment. This protocol includes 
the dummies change from Hybrid-III to THOR in 
the front position. 
 
2) Compared with the ODB test, the vehicle structure 
deformation and movement were similar, but the 
vehicle body pulse severity was more severe due to 
the increase in the relative speed of the vehicle and 
the MPDB trolley. 
 
3) In occupant responses, the injury value increased 
generally due to the increased vehicle pulse severity 
and using the new frontal dummy . Especially, the 
chest compression value increased remarkably. 
 
4) It seems that the chest injury value could improve 
from adding some restraint systems. However, to 
achieve additional reductions in the chest injury, 
extended research into restraint systems will be 
required. 
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5) In this study, Hybrid-III dummy was used in the 
front passenger position. But it is necessary to 
conduct the test using THOR dummy. Extended 
research will be required. 
 
6) In order to improve the compatibility 
assessment performance of the vehicle, it seems 
that the structural improvement is very important. 
(The effective interaction of different vehicles and 
a large front-end shield are becoming increasingly 
important. 
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ABSTRACT 
 
Until recently, most joint initiatives between the government and industry in the U.S. to help reduce traffic 
accident fatalities have focused on enhancing passive safety, such as through the safety assessment ratings 
of the New Car Assessment Program (NCAP) and the like. In addition, active safety technologies, such as 
automated emergency braking (AEB) and lane departure warning (LDW) systems, have also started to 
become more widespread. This paper describes a study that estimated the safety performance of recent 
vehicle models by analyzing U.S. traffic accident databases. This data was then used to estimate the benefit 
of the safety systems in these vehicles and to guide the development of the next-generation of safety 
technology. The fatality rate of each collision mode in recent vehicles was compared by analyzing data from 
the Fatality Analysis Reporting System (FARS), and the key contributing factors of fatal collisions were 
analyzed and prioritized using data from the National Automotive Sampling System Crashworthiness Data 
System (NASS-CDS). The estimated fatality rate reduction in all collision modes was identified by analyzing 
FARS data. A relatively large reduction in fatalities caused by side collisions and accidents not involving a 
collision (mainly rollovers) was found. The collision mode with the highest fatality rate for recent vehicles 
was frontal vehicle-to-vehicle (VTV) collisions. The most significant contributing factors in fatal frontal VTV 
head-on collisions were the advanced age of the driver, intrusion of the steering post into the cabin, high 
delta-V, and high occupant weight. The last three factors are particularly seen in high kinetic energy 
collisions. Although LDW systems are expected to help reduce frontal VTV head-on collisions, many collisions 
occur while the vehicle is negotiating a curve (not yet evaluated in NCAP tests) or while the other vehicle is 
traveling in the opposite direction in the same lane as the driver’s vehicle. The benefit of LDW systems in 
such scenarios is difficult to estimate. Therefore, as a supplement to LDW systems, AEB systems for 
oncoming vehicles are being considered to help reduce kinetic energy in frontal VTV collisions. This study 
estimated the potential fatality rate reduction using the relationship between velocity and the probability of 
a fatality occurring in a frontal collision. To enable safe activation of AEB in response to an oncoming vehicle, 
additional analysis of field data will be required to ensure that the system does not interfere with the normal 
operation of the driver. However, if this can be achieved, an AEB system for oncoming vehicles may help to 
reduce fatalities in traffic collisions in the U.S. Consequently, this paper also estimates the approximate 
benefit of this system. 
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INTRODUCTION 

The U.S. has adopted a dual approach to help reduce 
fatalities and injuries caused by traffic accidents 
through both active and passive safety initiatives. 
While organizations such as the government and the 
Insurance Institute for Highway Safety (IIHS) are 
introducing regulations and safety assessment 
ratings, industries are working to develop and 
encourage the use of safety technologies. 
Active safety technologies already in widespread use 
include antilock brake systems (ABS) and electronic 
stability control (ESC) systems. More recently, 
automatic emergency braking (AEB) systems 
targeting vehicles and pedestrians in front of the 
driver’s vehicle, as well as lane departure warning 
(LDW) and lane keeping support (LKS) systems that 
help drivers to maintain lane discipline have also 
been launched on the market. The objective of these 
systems is to help mitigate damage caused by a 
collision (AEB), and to help prevent the vehicle from 
leaving the lane unsafely or from driving off the road 
altogether (LDW and LKS). As these systems become 
more widespread and functionally capable, the 
number of such accidents, as well as the resulting 
number of fatalities and injuries, may well decrease. 
At the same time, advances in passive safety 
performance are being stimulated by the 
establishment of injury criteria for frontal and side 
collisions. These criteria have helped to encourage 
wider use of airbags and other restraint systems, as 
well as optimized vehicle body deformation 
characteristics. In recent years, the IIHS has 
introduced the small overlap (SOL) crash test, and 
the National Highway Traffic Safety Administration 
(NHTSA) is currently considering introducing a new 
frontal oblique test. The adoption of tests such as 
these has the potential to help reduce fatalities and 
injuries under a wider range of real-world collision 
conditions. 
Another recent trend is the wider adoption of an 
integrated approach to enhancing safety by 
activating and controlling passive safety restraint 
devices using information from active safety sensors 
that monitor the situation around the vehicle, which 
are being installed on more and more vehicles [1][2]. 
Statistics for 2013 showed that passenger vehicle 
occupants accounted for the highest proportion of 
traffic accident fatalities in the U.S., and that frontal 
collisions were responsible for the most fatalities [3]. 
Research has already estimated the potential benefit 
of LDW systems in these accidents [4]. Therefore, 
this paper focuses on estimating the benefit of AEB 

systems in frontal collisions as a supplement to LDW 
and LKS systems. 
First, this study analyzed the fatality rate for recent 
vehicle models, and estimated the fatality 
breakdown once these latest models become more 
widespread based on 2013 data in the Fatality 
Analysis Reporting System (FARS). This approach was 
used to confirm the proportion of frontal collisions in 
the total number of fatal accidents. Furthermore, 
data from the National Automotive Sampling System 
Crashworthiness Data System (NASS-CDS) was used 
to confirm the details of these frontal collisions from 
both active and passive safety standpoints to help 
analyze the potential benefit of an AEB system for 
oncoming vehicles. 
Next, this study estimated the relationship between 
changes in collision velocity and fatality risk in 
vehicle-to-vehicle (VTV) frontal collisions. Finally, 
based on these results, this paper discusses the 
potential reduction in fatality rate and future benefit 
of AEB systems for oncoming vehicles. 
Through these estimations and analyses, this paper 
identifies a potential relationship between the use of 
AEB to reduce collision velocity and passive safety 
performance in a broad sense, as well as to help 
enhance active safety performance. Further 
motivation for research was provided by this study, 
which identified the potential of AEB for oncoming 
vehicles as a promising system for the future. 

FRONTAL COLLISION RESEARCH 

This section discusses the potential benefit of AEB 
for oncoming vehicles based on accident analysis 
from the standpoints of passive and active safety. 
 
Breakdown of Fatalities after Popularization of 
Recent Vehicle Models 
This section uses the fatality rate for each model 
year (2013 FARS data) and the difference between 
the fatality rates of belted and unbelted occupants 
in frontal collisions (2005 to 2013 NASS-CDS data) to 
estimate the fatality rate breakdown of collisions 
involving the most recent vehicle models, assuming 
that the occupants are wearing seatbelts. 
First, the current fatality breakdown in 2013 FARS 
data was analyzed. Tables 1 to 3 show the data 
classifications, and Figs. 1 and 2 show the results. 
Figure 1 indicates that occupants of passenger 
vehicles or light trucks (LTVs) accounted for 60% of 
the total number of fatalities over the whole of the 
U.S. (19,756 out of 32,719), and that frontal 
collisions were responsible for the most fatalities 
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(11,303, 35%). Figure 2 categorizes these frontal 
collisions into single-vehicle collisions, VTV collisions, 
collisions fatal for front seat occupants, and 
collisions fatal for occupants in other seats. The two 
largest categories accounted for roughly the same 
number of fatalities: front seat fatalities in single-
vehicle collisions (5,284, 16%) and front seat 
fatalities in VTV collisions (5,120, 16%). 
 

Table 1. 
Classification codes of occupant and vehicle type 

 
PER_TYPE BODY_TYPE 

1, 2, 9  Motorist 1-10, 17 

Passenger 
cars 

5 Pedestrian 14-16, 19-22, 
28, 30-32 Light trucks 

6, 7 Cyclists 39, 40, 48, 49 

3, 4, 8, 
10 Other 60-64, 66, 67, 

72, 78, 79 

Large trucks

  50-52, 55, 58, 59 Buses 

  12, 42, 65, 73, 
90-99 

Other/ 
unknown 

  80-89 Motorcycles
 

Table 2. 
Classification codes of collision type 

 
IMPACT 1 

1, 11, 12 Frontal collision 
2-4, 8-10, 

Side collision 
61-63, 81-83 
5-7 Rear collision 
13, 14, 18, 19 Other 
0 Non-collision 
98, 99 Unknown 

 
Table 3. 

Classification codes of frontal and side collisions 
 

VE_FORMS 

Frontal 
collision Side collision 

SEAT_POS SEAT
_POS IMPACT1  

1 Single 11, 13 Fr 
Seat 11 8-10,  

61-63 Near 
side 

2+ VTV Other Other 13 2-4,  
81-83 

    11 2-4,  
81-83 

Far side
    13 8-10,  

61-63 

 

 
 
Figure 1.  Proportion of fatalities by occupant, 
vehicle, and collision type. 
 

 
 
Figure 2.  Proportion of fatalities by single-
vehicle or VTV collisions and seat position in 
frontal and side collisions. 
 
Next, the study estimated the fatality rate per model 
year for the main accident patterns involving 
passenger vehicle occupants. The fatality rate was 
calculated by dividing the estimated number of 
vehicles on the road by the number of fatalities. 
Figure 3 shows the number of fatalities per model 
year for frontal and side collisions and fatal accidents 
that did not involve a collision (non-collision 
accidents such as single-vehicle rollovers). Figure 4 
shows the number of vehicles on the road per model 
year. This number of vehicles was estimated by 
multiplying the number of vehicles registered each 
year by the rate that vehicles tend to remain in use 
over time, which was identified in previous research 
[5]. Based on this approach, the fatality rate per 
10,000 vehicles was calculated for each model year. 
Figure 5 shows the results. The thin lines show the 
fatality rates for each model year and the bold lines 
show the moving average over two-year periods. 

Fr. Collision
P.Car/L.Truck, 
11303, 35%

Side Collision 
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The fatality rate for all types of accidents is 
decreasing for newer model years. This analysis 
identified the relationship of the fatality rate with 
each model year and the latest two model years 
(average of 2012 and 2013). 
 

 
 
Figure 3.  Distribution of fatalities by model year. 
 

 
 
Figure 4.  Estimation of number of remaining 
vehicles of each model year. 
 

 
 
Figure 5.  Fatality rate per 10,000 vehicles in each 
model year. 
 

Next, this study estimated the difference between 
the fatality rates of belted and unbelted occupants 
in frontal collisions using 2005 to 2013 NASS-CDS 
data. The data was filtered as shown in Table 4 and 
classified as shown in Table 5. After removing the 
results in which the belted state of the occupants 
was unknown, the number of data items (all injuries) 
was 2,223 people for single-vehicle collisions and 
2,063 people for VTV collisions. Figure 6 shows the 
proportion of fatalities in the total number of 
injuries. These results indicate that the fatality rate 
of both single-vehicle and VTV collisions was 
approximately 8% for unbelted occupants and 
approximately 2% for belted occupants. 
 

Table 4. 
Filtering codes of frontal single-vehicle and VTV 

collisions 
 

Frontal single Frontal VTV 
TOWPAR 1 TOWPAR 1 
VEHFORMS 1 VEHFORMS 2 
EVENTS 1 EVENTS 1 
ROLLOVER 0 ROLLOVER 0 

DOF1 

1, 11, 12, 21, 
31, 32, 41, 
51 

DOF1 

1, 11, 12, 21, 
31, 32, 41, 51

52, 61, 71, 
72, 81, 91, 
92 

52, 61, 71, 
72, 81, 91, 92

GAD1 F GAD1 F 

SEATPOS 11, 13 Opposite 
Veh. 
DOF1 

1, 11, 12, 21, 
31, 32, 41, 51

  52, 61, 71, 
72, 81, 91, 92

  
Opposite 
Veh. 
GAD1 

F 

  SEATPOS 11, 13 
 

Table 5. 
Classification codes of belted and unbelted 

occupants 
MANUSE 

4, 14 Belted 
0, 2, 3, 5, 8 Unbelted/Other 
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Figure 6.  Comparison of fatality rate between 
belted and unbelted occupants. 
 
Finally, the number of fatalities was estimated for 
the most recent vehicle models assuming that the 
occupants are wearing seatbelts using 2013 FARS 
data. Figure 7 shows the estimated results for frontal 
collisions. The reduction rate used the results of Figs. 
5 and 6. Additionally, Fig. 8 shows the estimated 
number of fatalities involving the most recent 
models for other collision types. These results 
indicate that frontal collisions are responsible for 
more collisions than other collision types. According 
to this data, the number of front occupant fatalities 
in single-vehicle and VTV collisions was 1,307 and 
2,308, respectively. 
 

 
 
Figure 7.  Estimation of fatality reduction in 
frontal collisions, assuming all vehicles are from 
most recent model years and all occupants are 
belted. 
 

 
 
Figure 8.  Proportion of fatalities by occupant 
type, assuming all vehicles are from most recent 
model years and all occupants are belted. 
 
Situation Immediately before Frontal VTV Collision 
In this section, 2013 FARS data is used to identify the 
situation immediately before a collision, focusing on 
frontal VTV collisions based on the results in Fig. 8. 
The data was filtered as shown in Table 6. Data items 
were analyzed from a total of 2,088 people. Table 7 
lists the pre-collision states and Fig. 9 shows the 
results. 
 

Table 6. 
Filtering codes of frontal VTV collisions 

 
INJ_SEV 4 Fatal injury 
PER_TYP 1, 2, 9 Motorists 
BODY_TYP 1-49 P. Cars/LTV 
IMPACT1 1, 11, 12 Front 
VE_FROMS 2+ VTV 
SEAT_POS 11, 13 Front seat 
MOD_YEAR 1998+ Later than 98'MY 
AIR_BAG 1, 8, 9 Deployed 

REST_USE 3,12 Lap and shoulder 
belted 
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Table 7. 
Classification codes of pre-collision behavior 

 
P_CRASH1 P_CRASH2 

1, 2, 3 10-13 
Going straight and 
driver's vehicle departs 
from lane 

1, 2, 3, 5 62, 63 
Going straight and other 
vehicle encroaches into 
lane 

50, 51, 52 ALL 
Other vehicle in lane and 
traveling in same 
direction 

14 10-13 
Negotiating a curve and 
driver's vehicle departs 
from lane 

14 62, 63 
Negotiating a curve and 
other vehicle encroaches 
into lane 

6, 15, 16 10-13 Overtaking, changing 
lanes, or merging 

ALL 54 
Other vehicle in lane and 
traveling in opposite 
direction 

ALL 1-9 Driver's vehicle loses 
control 

Other 
Combinations  Other 

 

 
 
Figure 9.  Proportion of fatalities by pre-collision 
behavior in frontal VTV collisions. 
 
Table 8 adds classifications based on the presence of 
evasive driving maneuvers by the driver and vehicle 
stability. Figure 10 shows the results. It should be 
noted that there is no pre-collision evasive 
maneuver or stability data when considering cases in 
which the other vehicle departed from its lane. 
 
 

Table 8. 
Classification codes of pre-collision evasive 

maneuvers and vehicle stability 
 
P_CRASH3 P_CRASH4 

1 1 No avoidance maneuver 
and no skidding 

Other Combination Other 
 

 
 
Figure 10.  Proportion of fatalities by pre-collision 
behavior in frontal VTV collisions. 
 
Therefore, it was assumed that these results were 
the same as for cases in which the driver’s vehicle 
departed from the lane. 
Current safety assessment ratings of AEB systems 
simulate rear-end collisions with the vehicle in front. 
The proportion of rear-end collisions when the 
driver’s vehicle was stable and no evasive 
maneuvers were carried out was 7.5%. 
Although safety ratings in the U.S. have yet to 
introduce assessments of LKS, LDW assessments are 
currently carried out on straight roads. The 
proportion of lane departures on straight roads 
when the driver’s vehicle was stable and no evasive 
maneuvers were carried out was 16.4%. The 
proportion of lane departures on straight roads 
when the other vehicle was stable and no evasive 
maneuvers were carried out was 17.5%. 
In addition to lane departures, other common cases 
when the driver’s vehicle was stable and no evasive 
maneuvers were carried out include when the other 
vehicle is traveling toward the driver’s vehicle in the 
same lane (8.9%), when the driver’s vehicle departs 
from its lane while negotiating a curve (6.9%), and 
when the other vehicle departs from its lane (6.7%). 
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Frontal VTV Collision and Occupant Conditions 
In this section, 2005 to 2013 NASS-CDS data is used 
to identify the situation during a collision, focusing 
on frontal VTV collisions based on the results in Fig. 
8. This was achieved by analyzing the contribution of 
each collision and occupant condition on the number 
of fatalities. In addition, the contribution of each 
condition was also analyzed for the number of 
severe injuries, which have more data items. 
The data was filtered as shown in Table 9. Data from 
a total number of 956 people was used. This data 
included 163 (17.1%) people that suffered a severe 
injury rated 3+ on the Maximum Abbreviated Injury 
Scale (MAIS) and 21 fatalities (2.2%). 
 

Table 9. 
Filtering codes of frontal VTV collisions in driver’s 

seat 
 
TOWPAR 1 Towed 
VEHFORMS 2 2 vehicle forms
EVENTS 1 1 event 
ROLLOVER 0 No rollover 

DOF1 

1, 11, 12, 21, 31, 32, 
41, 51 Direction of 

force is 11 or 
12 or 1 o'clock 52, 61, 71, 72, 81, 91, 

92 

GAD1 F 
Deform 
location is 
front 

Opposite 
Veh. 
DOF1 

1, 11, 12, 21, 31, 32, 
41, 51 Direction of 

force is 11 or 
12 or 1 o'clock 52, 61, 71, 72, 81, 91, 

92 
Opposite 
Veh. 
GAD1 

F 
Deform 
location is 
front 

MODELYR 1998-2014 Later than 98' 
MY 

SEATPOS 11 Driver's seat 

MANUSE 4 
Lap and 
shoulder 
belted 

BAGDPLY 1 Air bag 
deployed 

 
As an example of the quantification process, the 
calculation of the contribution of the collision delta-
V on the number of severe injuries is presented as 
follows. Figure 11 shows the severe injury rate for 
each delta-V. The delta-V data is categorized in 10 
km/h increments. The average severe injury rate 

calculated from all the data is 17.1%, and the lighter 
shaded areas show the results above this average. 
Next, the number of people above the average value 
was calculated. However, analysis using a normal 
correlation coefficient that focuses only on 
categories with a high severe injury rate might 
evaluate categories containing few people as 
containing many people. This possibility was avoided 
by converting the severe injury rate data to numbers 
of people. Figure 12 shows the distribution for the 
number of severely injured people per delta-V. In 
Fig. 12, the numbers of people equivalent to the 
above-average severe injury rate are shaded in a 
lighter color. The total number of people is 47.0, or 
33.3% of the total number of severely injured people 
(163). This result is used as the degree that delta-V 
contributes to the number of severe injuries. 
 

 
 
Figure 11.  Distribution of severe injury rate by 
collision delta-V in frontal VTV collisions. 
 

 
 
Figure 12.  Distribution of number of severe 
injuries by collision delta-V in frontal VTV 
collisions. 
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Table 10. 
List of analyzed factors 

 
Factor CDS code Category 

Magnitude of 
steering 
Intrusion 

INLOC1-10, 
INCOMP1-10, 
CDRIR1-10, 
INMAV1-10 

No intrusion, 
3.0cm-7.9cm, 
8.0cm-14.9cm, 
15.cm-29.9cm, 
30.0cm-45.9cm, 
46.0cm-60.9cm, 
61.0cm- 

Collision delta-V DVTOTAL At each 10km/h 
Occupant age AGE At each 10 Y.O. 
Occupant 
weight WEIGHT At each 10kg 

Vehicle 
compatibility 

Opposite veh. 
BODYTYPE 

Passenger car, 
LTV 

Occupant 
height HEIGHT At each 10cm 

Direct damage 
width 
(small overlap) 

DIRDAMW At each 15cm 

Underride/ 
override FOVERIDE 

No override/ 
underride, 
Override, 
Underride 

Direction of 
force (Oblique 
collision) 

DOF1 11 o'clock, 12 
o'clock, 1 o'clock

 
The same calculation was carried out for the other 
items shown in Table 10 and for the number of 
fatalities. These results are shown in Table 11 and 
Fig. 13. In descending order, the most significant 
contributing factors to the number of fatalities were 
as follows: intrusion of the steering post into the 
cabin, delta-V, occupant age, and occupant weight. 
This order was similar to that for the number of 
severe injuries. 

ESTIMATION OF BENEFIT OF ON-COMING AEB 

This section estimates the potential benefit of AEB 
for oncoming vehicles based on the relationship 
between collision delta-V and fatality risk. 
 
Relationship between Time-to-Collision Judgment 
of AEB for Oncoming Vehicles and Delta-V 
The relationship between the time-to-collision (TTC) 
judgment of AEB for oncoming vehicles and the 
delta-V was analyzed as follows. 

 
 

Table 11. 
Contribution to number of fatalities and severe 

injuries 
 

Factor 
Contribution 

Fatality Severe injury 
Magnitude of 
steering Intrusion 80.8% 24.2% 

Collision delta-V 63.4% 33.3% 
Occupant age 38.6% 13.0% 
Occupant weight 30.6% 6.8% 
Vehicle 
compatibility 15.7% 15.3% 

Occupant height 15.6% 5.5% 
Direct damage 
width 
(small overlap) 

9.1% 1.8% 

Underride/ 
override 

Negative 
value*1 1.4% 

Direction of force 
(oblique collision) 

Negative 
value*2 

Negative 
value*2 

*1 No override/underride is highest fatal rate.
*2 12 o'clock is highest fatality/severe injury rate.

 

 
 
Figure 13.  Contribution to number of fatalities 
and severe injuries in frontal VTV collisions. 
 
The following brake characteristics were assumed. 
Figure 14 expresses these characteristics as a time 
series. 
Judgment to brake operation: 0.2 sec 
Jerk to maximum deceleration: 17.6 m/s3 
Maximum deceleration: 8.8 m/s2 (0.9 G) 
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Figure 14.  Assumed brake characteristics. 
 
Next, the amount of deceleration was estimated 
from the iterated integral of the time series data. 
The estimation was performed for a total of four 
cases: two initial relative velocity assumptions (80 
km/h and 120 km/h) and two braking assumptions 
(braking by the driver’s vehicle only with the other 
vehicle approaching at a constant velocity, and the 
same degree of deceleration by the driver’s vehicle 
and the other vehicle). Figure 15 shows the results. 
 

 
 
Figure 15.  Relationship between TTC judgment 
and velocity reduction. 
 
These results indicate that virtually no reduction in 
velocity was achieved with a TTC judgment of 0.4 sec 
or less. In contrast, once the TTC judgment exceeded 
0.4 sec, the amount of deceleration increased in 
accordance with the earliness of the TTC judgment. 
With a TTC judgment of 1.0 sec, the relative velocity 
decreased by approximately 20 km/h when only the 
driver’s vehicle braked. When both vehicles braked, 
this rose to approximately 43 km/h at an initial 
velocity of 80 km/h and approximately 53 km/h at an 
initial velocity of 120 km/h. 
 

Relationship between Collision Delta-V and Fatality 
Risk 
This section describes the relationship between 
collision delta-V and fatality risk, assuming that AEB 
for oncoming vehicles has reduced the collision 
velocity. The same research has also been carried 
out in the past [6]. 2005 to 2013 NASS-CDS data is 
used for the analysis to reflect current vehicle 
performance as far as possible. 
The data was filtered as shown in Table 9. Collision 
delta-V data for 723 injured people (all injuries) and 
16 fatalities was used. 
The relationship between collision delta-V and 
fatality risk was identified using survival analysis. 
This method is widely to calculate relationships such 
as that between impact force and bone fracture risk 
in research into physical tolerances. In this analysis, 
cases without sample fracture are defined as 
censoring data (i.e., cases in which fracture did not 
occur up to the maximum force and for which the 
results above that force are unknown). In cases 
where sample fracture occurred, the force applied to 
the sample was constantly monitored and defined as 
cases where fracture occurred at the maximum 
force, under which fracture did not occur. Based on 
this approach, the survival function s(x) was 
calculated using the integrated survival rate in each 
bone fracture data up to the timing of the fracture, 
and the bone fracture risk function R(x) was derived 
by subtracting the survival function from 1 (Equation 
1). 
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where, xi is the fracture force in the case closest to 
force x of the bone fracture cases involving force x or 
less.  
In addition, fi is the number of bone fracture cases 
with force xi, and is always 1. ni is the remaining data 
not bounded by force xi. 
Figures 16 and 17 visualize examples of this 
calculation method. 
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Figure 16.  Example of survival analysis method. 
 

 
 
Figure 17.  Calculation results for Fig. 16. 
 
In contrast, for fatal accidents in the real-world, the 
fact that a bone fracture did not occur even when 
the force increased cannot be defined as a case in 
which a fatality would not occur below that velocity 
(unlike physical tolerance research that can be 
constantly monitored). Therefore, fatal cases are 
defined as data in which a fatality would occur at 
that delta-V or above, but for which the result is 
unknown for delta-V values below that level. Survival 
cases are defined as survival occurring below that 
delta-V, but for which the result is unknown for 
delta-V values above that level. Fatality risk R(x) was 
derived based on this approach. 
 

R(x) = 
fs

f
+

                                                        (Equation 2) 

 
where, f  is the number of fatal cases at a delta-V of 
x or less, and s is the number of survival cases at a 
delta-V of x or less. 
Figures 18 and 19 visualize examples of this 
calculation method. 
 

 
 
Figure 18.  Example of original analysis method 
used in this study. 
 

 
 
Figure 19.  Calculation results for Figure 18. 
 
It should be noted that the NASS-CDS data contains 
an enlargement factor (RATWGT). Therefore, each 
case is weighted using the enlargement factor when 
calculating the actual fatality risk. 
Next, the collision delta-V data was normalized using 
the occupant weight m data. A high delta-V and 
occupant weight was suggested in the previous 
section as factors with a major impact on the 
number of fatalities in a frontal VTV collision. These 
factors have the same significance, i.e., high 
occupant kinetic energy E. Although an occupant 
kinetic energy function was considered as a way of 
expressing the fatality risk, the value Norm.∆V, 
which assumed an occupant weight equivalent to 
that of a 50th percentile American male (AM50, 78 
kg) in the conversion to a delta-V value, was used to 
simplify intuitive understanding (Equation 3). 
 

E = 
2
1 mΔV 2 

Norm.ΔV = ]/78[2 kgE⋅  
(Equation 3)
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The thin line in Fig. 20 shows the analysis results 
obtained using this method. This relationship was 
also approximated using the maximum-likelihood 
method through a logistic regression line (Equation 
4). The bold line in Fig. 20 shows the results. 
 

R(Norm.ΔV) = c)Vb(Norm.e −Δ−+1
1

                 (Equation 

4) 
 

 
 
Figure 20.  Relationship between normalized 
collision delta-V and probability of fatality. 
 
Rough Estimation of Fatality Reduction Benefit of 
AEB for Oncoming Vehicles. 
This section estimates the fatality reduction benefit 
of AEB for oncoming vehicles in frontal VTV collisions 
by reducing the collision velocity. This estimate was 
carried out assuming the conditions listed in Table 
12. 
Since the objective of an AEB for oncoming vehicles 
is to mitigate damage in high-velocity collisions, the 
benefit estimation was applied to cases with a 
collision delta-V of at least 60 km/h. 
The relative velocity in the collision was set to a 
velocity reduction of 20 km/h based on Fig. 15, 
assuming AEB activation by the driver’s vehicle only 
and a TTC judgment of 1.0 sec. In addition, the 
weight of the other vehicle was assumed to be the 
same as the driver’s vehicle and the collision delta-V 
was set to 10 km/h, half of the velocity reduction. It 
should also be noted that this value increases as the 
weight of the other vehicle increases in comparison 
to the weight of the driver’s vehicle, and vice-versa. 
It also increases if AEB also activates in the other 
vehicle. 
AEB activation was analyzed for scenarios in which 
the driver’s vehicle was stable and no evasive 
maneuvers were carried out, assuming driving in the 
opposite direction in the oncoming lane due to lane 

departure, overtaking, or the like. Figure 10 shows 
that these scenarios are equivalent 58.3% 
(=16.4%+17.5%+6.9%+6.7%+1.9%+8.9%) of fatal 
accidents. System activation was also limited to an 
overlap rate of at least 40%, which is equivalent to 
85.7% of the direct damage width (Fig. 21). 
Multiplying these two figures gives an activation 
probability of 50% (=58.3%×85.7%). 
 

 
 
Figure 21.  Distribution of number of fatalities by 
direct damage width in frontal VTV collisions. 
 
Figure 20 was used for the relationship between 
collision delta-V and the fatality rate. 
As shown in the results in Fig. 22, the number of 
fatalities decreased after AEB application when the 
collision delta V is 60 km/h or higher. Specifically, the 
total number of fatalities was reduced by 320 people 
from a total of 2,004. 
 

Table 12. 
Assumptions in rough estimation 

 

Scope Collision delta-V is 60 km/h 
or higher 

Reduction of collision 
delta-V 10 km/h 

Activation probability 50% 
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Figure 22.  Comparison of number of fatalities 
before and after application of AEB. 

CONSIDERATIONS 

According to Fig. 1, the number of fatalities in frontal 
collisions accounted for a comparatively high 
proportion of the total number of fatalities in the 
whole of the U.S. in 2013. In addition, according to 
the estimation in Fig. 8, the relative proportion of 
fatalities in frontal collisions (especially front seat 
fatalities in VTV collisions) remains high, even 
assuming wider adoption of more recent model year 
vehicles and belted occupants. 
Figure 10 indicates that the future spread of LDW 
and LKS systems should have a certain benefit in 
helping to reduce fatalities in frontal VTV collisions. 
However, LDW and LKS are likely to be less effective 
in certain cases, such as when the other vehicle 
drives in the opposite direction in the same lane as 
the driver’s vehicle. In these cases, AEB for oncoming 
vehicles may have a potential benefit when vehicle 
stability is ensured and the driver carries out no 
evasive maneuvers. 
According to Fig. 13, the most significant 
contributing factors to the number of fatalities in 
frontal VTV collisions at the current time are the 
intrusion of the steering post into the cabin and 
collision delta-V. The use of AEB to help reduce the 
collision velocity may directly help to reduce these 
factors. Figure 13 also indicates that occupant 
weight is another significant contributing factor to 
the number of fatalities. Since height is also a 
relatively major contributing factor, this is thought 
to be the result of high kinetic energy due to the 
weight of large occupants, rather than the result of 
the physique of the occupants (i.e., high occupant 
body mass index (BMI)). The use of AEB to reduce 
the collision velocity may help to reduce the 
significance of these contributing factors. 

Therefore, based on these results, collision velocity 
reduction by AEB for oncoming vehicles may have a 
certain benefit for helping to lower traffic accident 
fatalities across the U.S. in the future. 
The next step in this research is to consider the 
activation timing of AEB for oncoming vehicles. 
Currently, the braking start timing for the activation 
of AEB for preceding vehicles, which is assessed in 
safety ratings around the world, is defined as a TTC 
of 1.4 sec at a relative velocity of 24 km/h (according 
to the technical guidelines of the Japanese Ministry 
of Land, Infrastructure, Transport and Tourism) [7]. 
This value considers evasive maneuvers by normal 
steering. In the event of an oncoming vehicle, it is 
necessary to consider evasive maneuvers carried out 
by both vehicles. Therefore, the lateral movement 
required to avoid the other vehicle is half the width 
of the opposing vehicle. If the lateral movement 
generated by steering is approximated to a constant 
acceleration, the activation timing can be defined as 
a TTC of 1.0 sec (1/√2 of the opposing vehicle). 
Under these assumptions, Fig. 15 indicates that it 
may be possible to reduce collision velocity by 
approximately 20 km/h. In a collision involving the 
same vehicle types when AEB activates only in the 
driver’s vehicle, it may be possible to reduce the 
collision delta-V by 10 km/h. According to Fig. 20, if 
the collision delta-V can be reduced from 65 to 55 
km/h, it may be possible to reduce the fatality rate 
from 21% to 7%, or to around one-third. 
Finally, assuming the adoption of an AEB system that 
activates under the conditions listed in Table 12, the 
estimated benefit of this AEB is a 15% reduction in 
frontal VTV collision fatalities (Fig. 22). 

LIMITATIONS 

Analysis of the collision and occupant conditions in 
this research was carried out for each item obtained 
from NASS-CDS data. For this reason, the correlation 
between each item was not excluded. Excluding this 
correlation will require the application of a method 
such as multivariate analysis. Furthermore, the 
objective of this research was to identify the 
contribution of items related to collision velocity on 
the number of fatalities. Therefore, these results will 
not lessen the values or benefit estimates of other 
safety enhancement measures adopted in safety 
assessment ratings and the like. 
Although this research aimed to estimate the 
potential benefit of AEB for oncoming vehicles, 
various technological issues, such as the 
development of sensors capable of accurately 
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recognizing objects approaching at high-velocities 
from far distances, must be resolved before these 
systems can be realized. 
The objective of this research was to estimate and 
identify the general scale of the potential fatality 
reduction benefit of AEB for oncoming vehicles. 
Therefore, it made various assumptions for 
undetermined conditions. The actual benefit of 
these systems will vary due to a wide range of 
factors, such as the recognition performance of 
sensors to be developed in the future, brake 
performance, and the environment surrounding the 
vehicle. More accurate estimation will require the 
assumption of more definite characteristics as future 
technological development progresses. 
Finally, since the benefit calculated by this research 
is based on statistical data, it cannot be applied to 
individual accident cases that are affected by a wide 
range of conditions. 

CONCLUSIONS 

The following conclusions were obtained after 
analyzing and carrying out desktop estimations using 
2013 FARS and NASS-CDS accident data from across 
the U.S. 
Frontal VTV collisions were one of the most frequent 
types of fatal traffic accidents in the U.S. in 2013. 
Even after reducing the number of fatalities 
assuming wider adoption of more recent model year 
vehicles and higher seatbelt use, it was estimated 
that the number of these fatalities would still remain 
relatively high compared to other accident patterns. 
Analysis of the detailed conditions before frontal 
VTV collisions identified accident cases that would 
be difficult to prevent using existing AEB, LDW, and 
LKS systems. Analysis of collision and occupant 
conditions also found that factors related to high 
collision velocities make a significant contribution to 
the number of fatalities. 

This paper then considered the potential benefit of 
AEB for oncoming vehicles using these results. Based 
on the relationship between collision delta-V and 
fatality risk, this research found that AEB for 
oncoming vehicles has the potential to help reduce 
the number of fatalities by lowering the collision 
velocity, even if the driver does not carry out evasive 
maneuvers. 
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ABSTRACT 
 
In 2012 the United States Congress issued a directive to the National Highway Traffic Safety Administration 
(NHTSA) to modernize its nationally-representative crash databases and examine the data collected in those 
programs.  In response, NHTSA initiated the Data Modernization Project to affirm its position as the leader in motor 
vehicle crash data collection and analysis, by collecting quality data to keep pace with emerging technology and 
evolving policy needs.  To ensure the needs of the highway safety community were met, NHTSA sought input from 
users of the data including government, academia, and industry.  One of the areas the stakeholders requested 
upgrades was in the injury coding portion of the crash investigation-based programs.  Enhancements in NHTSA’s 
new nationally representative motor vehicle crash data collection, the Crash Investigation Sampling System (CISS), 
include more robust injury coding through an updated version of the Abbreviated Injury Scale (AIS), the addition of 
injury causation scenarios for severely injured occupants, and the use of state-of-the-art software.  NHTSA has 
partnered with the Department of Defense (DOD) Army Research Laboratory (ARL) to use their Visual Anatomic 
Injury Descriptor (VisualAID) software to record injury information.  The purpose of this paper is to describe the 
CISS injury coding process and detail the improvements users of the data can expect in the coming years. 
 
 
 
BACKGROUND 
 
NHTSA has operated multiple investigation-based 
data collection programs with detailed injury 
information:  the National Automotive Sampling 
System (NASS), the NASS-Crashworthiness Data 
System (NASS-CDS), Special Crash Investigations 
(SCI), and the Crash Injury Research and 
Engineering Network (CIREN).  Injury data from 
each of the programs has been critical in NHTSA’s 
evaluation of vehicle crashworthiness 
countermeasures such as air bags and seat belts and 
identifying problem areas where improvements could 
be made.  The focus of these data collection 
programs have differed somewhat, but they were 
intended to complement one another.  
  

NASS (1979-1987) was NHTSA’s initial nationally- 
representative crash data collection system and 
served as the forerunner to NASS-CDS.  NHTSA re-
evaluated its data collection programs in 1988 and 
elected to divide NASS into two components:  
NASS-CDS and NASS-General Estimates System 
(NASS-GES), the latter of which being a police 
report-based nationally-representative sample 
designed to collect basic statistical information in 
order to monitor traffic safety trends. 
 
NASS-CDS (1988-2015) was a nationally- 
representative sample of towed light vehicle crashes 
with an emphasis on the crashworthiness of the 
vehicle.  NASS conducted detailed investigations of 
the crash scene, vehicle damage, injury, and injury 
sourcing.  The case selection algorithm was designed 
to give fatal and severe injury crashes a higher 
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probability of selection.  Data was collected at 24 
sites across the country with a yearly average of 
4,500 cases per year between 1999 and 2015. 
NASS-CDS case viewers are available at  
http://www.nhtsa.gov/NASS.  The statistical data sets 
are located at ftp://ftp.nhtsa.dot.gov/NASS/. 
 
SCI (1972-present) is a collection of approximately 
125-150 targeted investigations each year that are 
used by NHTSA and the automotive safety 
community to understand the real-world performance 
of existing and emerging advanced safety systems as 
well as other unique safety problems occurring in the 
field.  The SCI case data and technical reports can be 
accessed at http://www.nhtsa.gov/SCI.  
 
CIREN (1997-present) is a hospital-based study 
operating at six centers across the country, collecting 
approximately 300 serious injury cases per year.  The 
CIREN process combines comprehensive data 
collection with professional multidisciplinary 
analysis of medical and engineering evidence to 
determine injury causation in every crash 
investigation conducted.  CIREN case viewers and 
statistical data sets are accessible at 
http://www.nhtsa.gov/CIREN.    
 
Through the years, injuries in NHTSA’s 
investigation-based programs have been described 
based upon the Abbreviated Injury Scale (AIS©) 
developed and maintained by the Association for the 
Advancement of Automotive Medicine (AAAM).  
AAAM is a professional multidisciplinary 
organization dedicated to limiting injuries from 
motor vehicle crashes.  In 1973, AAAM assumed the 
lead role for continuing the development of a scale to 
classify injuries and their severity, originally begun 
by a joint committee of the American Medical 
Association (AMA), Society of Automotive 
Engineers (SAE), and the AAAM in 1969. The first 
scale was published in 1971 in the Journal of the 
AMA, titled: “Rating the Severity of Tissue Damage 
– The Abbreviated Injury Scale” [1]. 
 
The AIS is an anatomically-based, consensus- 
derived, global severity scoring system that classifies 
the severity of each injury on a 6-point ordinal scale 
(1=minor and 6=maximal).  The AIS provides 
standardized terminology to describe injuries and 
ranks injuries by severity.  Current AIS users include 
health organizations for clinical trauma management, 
outcome evaluation, and for case mix adjustment 
purposes; motor vehicle crash investigators to 
identify mechanism of injury and improve vehicle 
design; and researchers for epidemiological studies 
and systems development, all of which may influence 

public policy (laws and regulations) [1].  The AIS is 
widely considered the premier internationally-
accepted tool for ranking injury severity. 
 
The AIS has been contiuously updated since its 
inception to keep pace with updates in the trauma 
field and incorporates current medical terminology.  
In turn, NHTSA has adopted several versions of the 
AIS scheme over the years as seen in Table 1. 
 

Table 1. 
NHTSA AIS Version by Year 

 

AIS Version 
NHTSA Data 

Years 
AIS 2015 2017- 
AIS 2005 Update 2008 2010-2016 
AIS 1990/1998 Update 2000-2009 
AIS 1990 1993-1999 
AIS 1985 1985-1992 
AIS 1980 1980-1984 
AIS 1976 1976-1979 

 
Full implementation of AIS 2015 will occur in CISS, 
SCI, and CIREN for 2017 cases.  However, CISS 
pilot cases from 2016 also used AIS 2015. 
 
INTRODUCTION 
 
In response to a congressional directive to modernize 
its nationally representative crash databases, the Data 
Modernization Project concluded that the NASS-
CDS program would be retired and replaced with the 
Crash Investigation Sampling System (CISS).  It was 
also decided that other NHTSA programs collecting 
detailed investigation-based data - SCI and CIREN - 
would remain largely unchanged with the exception 
of Information Technology (IT) infrastructure, new 
data collection methods, and the upgrades to injury 
information described later in this paper. 
 
The new CISS program is designed to provide many 
improvements from its predecessor including: 

• An updated sample design with new sites for 
more representative data and smaller 
statistical margins of error for key estimates, 

• Better targeting of newer vehicles and more 
severe crashes in case selection algorithm, 

• Flexibility to increase the number of sites 
without reselection, 

• Consolidating IT infrastructure, 
• Obtaining more accurate scene and vehicle 

measurements, 
• Upgrading injury information, and 
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• Making it easier for end users to access the 
data. 

 
Although the main focus of this paper is to discuss 
enhancements in CISS injury coding, it is first 
necessary to briefly describe other program 
improvements in more detail.  
 
CISS Sample Design 
 
To ensure accurate national estimates of passenger 
vehicle crashes in the country, NHTSA designed a 
sophisticated three-stage sample:  the first stage is a 
sample of single counties or a group of counties 
called the Primary Sampling Unit (PSU); the second 
stage is a sample of police jurisdictions (PJs) within 
the PSUs; and the third stage is a sample of crash 
reports at the selected PJs.  
 
The new sample design improves operational 
efficiency because the designers took into account the 
lessons learned in the previous NASS-CDS sample 
design.  One example of this dealt with the size of the 
PSUs.  Some PSUs in NASS-CDS covered very large 
geographic areas that resulted in excessive driving 
time for the Crash Technicians collecting field data.  
As part of the redesign, the goal was to sample 
smaller areas to reduce associated travel times and 
thereby provide more field data collection time and 
potentially an increased caseload. 
 
Additionally, the new sample design took into 
account end-user requirements.  End users 
consistently requested data on recent model year 
vehicles equipped with new and emerging 
technologies.  The new sample was designed to 
include more recent model year vehicles (previous 
four model years) which are more likely to be 
equipped with advanced crashworthiness and crash 
avoidance technologies.  Areas with a higher volume 
of severe crashes and those with more crashes 
involving newer vehicles had a greater likelihood to 
be selected as PSUs. 
 
To further enable CISS to generate cases with newer 
vehicles and higher severity injuries, a greater 
granularity in sampling was necessary.  Crash reports 
are now listed into categories referred to as domains 
(also referred to as strata):  Recent Model Year 
(vehicles that are 4 years old or newer), Mid Model 
Year (vehicles that are 5-9 years old), and Older 
Model Vehicles (vehicles 10 years old or older).  
With these changes, the CISS Pilot Study revealed a 
higher case selection rate on newer vehicles (47% in 
CISS versus 33% in NASS-CDS), thereby 

accomplishing one of the primary objectives of the 
sample redesign. 
 
There was a significant change in the priority of the 
police crash report domain/strata assignments in 
CISS as compared to NASS-CDS.  In NASS-CDS, 
injury severity took precedence over model year 
when assigning domain/strata to a crash report.  
However, the CISS sampling flow chart prioritizes 
model year of vehicle before severity of injury.  This 
was a deliberate change by NHTSA in an effort to 
include more new vehicles that will likely be 
equipped with more advanced crashworthiness and 
crash avoidance technologies. The priority change 
was accounted for when crash population estimates 
and the target allocations were developed. 
 
To reduce missing data in CISS, the system has been 
designed to replace cases when there is NOT a 
reasonable expectation that the vehicle, by which the 
crash was assigned a domain, will be successfully 
inspected.  Reasons for a replacement case include, 
but are not limited to, the following scenarios: 

• The vehicle has been repaired, crushed, sold 
to another owner, or moved out of the area, 

• An owner, insurance company, tow yard, 
police, or other responsible party denies 
permission to inspect the exterior of the 
vehicle, or 

• After following protocols for sufficient 
contact attempts, the CISS Crash Technician 
is unable to locate the vehicle or reach those 
persons necessary to secure permission to 
inspect the exterior of the vehicle.  

 
Early results on replacement cases have been very 
promising and could prove to be one of the 
significant upgrades from NASS-CDS, particularly at 
PSUs located in urban areas where cooperation has 
historically been more difficult to attain.  The CISS 
sample design is described in much greater detail in a 
paper by Chen, et. al, “NHTSA’s Data Modernization 
Project” presented at the 2015 Federal Committee on 
Statistical Methodology (FCSM) Research 
Conference [2]. 
 
CISS Information Technology (IT) 
 
A significant amount of the resources dedicated to 
the Data Modernization Project were used to improve 
the IT components of the various programs sponsored 
by NHTSA’s National Center for Statistics and 
Analysis (NCSA).  One of the major concerns 
addressed was making the new data system compliant 
with Federal privacy and security requirements.  The 
new system utilizes Max.gov, which meets stringent 
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authentication requirements.  The databases, sensitive 
documents, and all Personally Identifiable 
Information (PII) are fully encrypted.   
 
Another goal of the project was to modernize and 
consolidate the IT infrastructure for multiple legacy 
systems.  The new system was able to more 
efficiently use scarce resources by eliminating 
redundancy and utilizing a consolidated server 
platform in a Federal data center supported by full 
virtualization.  The new IT system also improves 
flexibility to add/subtract data by using a common 
variable set for shared elements across programs, 
making changes much more efficient.   
 
Data in the CISS, SCI, and CIREN programs is now 
collected in the field by Investigators or Crash 
Technicians using rugged tablet computers, similar to 
those used by military and law enforcement 
personnel.  In the past, information was collected 
largely on paper and then transferred into electronic 
format causing inefficiencies.  Information that will 
be available to end users in the programs is expected 
to be much more robust and easier to use than in the 
previous systems.  Although the new IT system 
required a significant initial investment, the upgrades 
should make the NCSA data programs more 
sustainable moving forward. 
 
CISS Vehicle and Scene Data Collection 
 
One of the primary goals of the redesign was to 
increase the number of cases in CISS.  If improved 
data collection methods could be implemented that 
increased efficiency, in particular data collection 
methods at the scene and vehicle where the majority 
of the time is allocated, the number of crashes 
investigated in the new system could increase.  
Secondly, many stakeholders commented that scene 
and vehicle documentation should be more precise 
and easier to use.  The Data Modernization 
Implementation Team felt that leveraging technology 
would be the most effective way to address both 
goals.  After reviewing several options, the team 
recommended scene and vehicle measurements be 
collected electronically with Nikon Total Stations in 
the investigation-based programs as opposed to using 
manual measurement techniques.  Electronically 
measuring scenes and vehicles will make data 
collection more accurate, efficient, and safer for the 
Investigators and Crash Technicians in the 
investigation-based programs.  Using total stations, 
which are the most common tool used for detailed 
scene documentation in crash reconstruction, will 
also make the data collected in the NHTSA programs 
much more valuable to end users since the 

measurements are saved in common file formats that 
can be used in most computer-aided design or 
mapping software. 
 
Additional detail is described in ESV paper 17-0174, 
“Improved Field Measurements in NHTSA’s CISS 
Program”, Mynatt, Brophy. 
 
DISCUSSION 
 
After reviewing the Data Modernization feedback 
from stakeholders, it became evident that injury data 
was one of the areas CISS should upgrade.  The 
majority of the injury-related comments received 
from various organizations including auto 
manufacturers, suppliers, safety advocates, the 
medical community, and government were similar.  
Increased detail in the CISS injury data was 
requested, many referencing the CIREN program 
which focuses more on injury causation than the 
former NASS-CDS program.  To address the users’ 
needs, NHTSA elected to make three significant 
improvements to injury information in the CISS 
program: move to the updated version of the AIS, 
add injury causation scenarios for seriously injured 
occupants, and use state-of-the-art software to enter 
and present injury data. 
 
Updated Version of Abbreviated Injury Scale 
 
In September 2016, AAAM announced the new 
version of its Abbreviated Injury Scale coding 
system, AIS 2015 [3].  The revision incorporated the 
needs of its users and the current status of traumatic 
injury diagnosis and documentation.   AIS 2015 is the 
next step in the continual evolution of traumatic 
injury classification and scaling. This latest revision 
improves brain injury coding, spinal cord impairment 
coding, and enhances many code definitions by 
incorporating current and appropriate medical 
terminology.  Clearer and expanded coding rules 
encourage improved interrater reliability to support 
an improved tool for both medical coders and 
researchers. 
 
AIS 2015 content was derived from expert consensus 
and analysis of trauma data including injury 
diagnostics, classifications, and feedback from field 
use of AIS 2005 Update 2008. In the new version, 
140 new AIS codes were created, nearly 400 codes 
underwent definition update, and the severity level 
was updated on more than 40 codes.  Additionally, 
more than 140 AIS 2005 Update 2008 codes were 
deleted for AIS 2015.  For version compatibility, AIS 
2015 includes both forward and backward maps for 
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the purpose of translating previously coded data 
between AIS 2005 Update 2008 and AIS 2015 [3,4]. 
 
Injury Causation Scenarios 
 
NASS-CDS and SCI methods used to determine 
and document injury causation have remained 
relatively static over the last several decades. 
These methods have typically involved 
documenting: 

• The AIS code, 
• A “source” of injury, which is the vehicle 

component or other object/occupant 
believed to have caused an injury by direct 
contact/loading of the occupant, 

• Confidence levels for injury sources, 
• Whether the injury was due to “direct” or 

“indirect” contact or loading with/by an 
interior vehicle component, 

• Whether the injury was a “noncontact” or 
inertially induced injury, 

• Whether intrusion of vehicle interior 
components into the occupant space 
caused the injury, and 

• Whether an injury was caused by the air 
bag flinging the injured body region into a 
vehicle interior component. 

 
Though these methods for describing and 
documenting injury causation have been helpful in 
regulating and improving vehicle safety 
performance, they also have shortcomings that 
limit the value of crash investigations and crash 
investigation databases, especially as vehicle 
crashworthiness and restraint technologies become 
more complex.  In particular, these methods used 
to analyze and document injury causation do not 
completely describe the set of conditions and 
factors under which disabling and life-threatening 
injuries occur [5]. 
 
To improve methods for describing injury 
causation in motor vehicle crashes, in 2005 
NHTSA’s CIREN program implemented a new 
method for analyzing and documenting injury 
causation, known as BioTab.  The procedure 
provides thorough evidenced-based descriptions of 
injury causation and incorporates and uses medical 
details of occupant injuries. The BioTab method 
can be applied to other crash investigation 
programs in which occupant injury and crash data 
are available, although the quality of the analysis 
will depend on the amount and quality of the 
available data [5].   
 

CIREN collects thirteen core data elements as part 
of the BioTab method to describe injury causation. 
In the CISS program, case volume, study design, 
and budget constraints make collecting that degree 
of injury information unrealistic.  Multiple levels 
of engineering and medical reviews used in CIREN 
are also not available in CISS.  However, NHTSA 
determined that with adequate training and close 
monitoring, the Injury Coding Center (ICC) in 
CISS and the SCI teams have enough expertise to 
code an abridged amount of injury causation 
information. 
 
In an effort to increase injury detail to meet the 
needs of the agency and other users of the data, 
NHTSA has incorporated ten of the thirteen injury 
causation elements into the new CISS program and 
SCI.  Injury causation elements that will be 
collected in CISS, SCI, and CIREN for AIS-3+ and 
clinically-significant AIS-2 injuries injuries are 
shown in Table 2.  

 
Table 2. 

NHTSA Injury Causation Elements 
 

Injury Cauastion 
Element 

Programs 
Collected 

Body Region Injured CISS, SCI, CIREN 
Souce of Energy CISS, SCI, CIREN 
Involved Physical 
Component (IPC) 
Configuration 

CISS, SCI, CIREN 

IPC Area CISS, SCI, CIREN 
IPC CISS, SCI, CIREN 
IPC Confidence Level CISS, SCI, CIREN 
Body Region Contacted CISS, SCI, CIREN 
Load Path CISS, SCI, CIREN 
Contributing Factors CISS, SCI, CIREN 
Injury Causation 
Scenario (ICS) 
Confidence Level 

CISS, SCI, CIREN 

Injury Causation 
Scenario (ICS) Evidence 

CIREN only 

IPC Evidence CIREN only 
Body Region Injury 
Mechanism 

CIREN only 

 
Less severe injuries will have a lower degree of 
detail in all three programs with only six of the 
elements collected: 

• Body Region Injured, 
• Source of Energy, 
• Injury Causation Scenario (ICS)  

Confidence Level, 
• Involved Physical Component (IPC) Area, 
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• IPC, and 
• IPC Confidence Level. 

 
One of the keys to accurately coding injury 
causation information is the availability of detailed 
medical documentation.  As the new CISS sites 
were established, emphasis was placed on 
obtaining a high degree of cooperation with trauma 
centers and other medical facilities.  While CISS 
will not be capable of collecting medical records 
with the amount of detail in CIREN, based on 
experience from the previous NASS-CDS program, 
CISS should get the necessary information to code 
the shortened version of the injury causation 
scenarios.  Availability of radiology would be an 
example; CIREN personnel, who include medical 
doctors, are typically able to access the individual 
images to assist during the injury evaluation, while 
CISS is more likely to rely on the radiologist’s 
summary report. 
 
Most of the injury causation elements will be 
identical to those captured in CIREN (using the 
BioTab since 2005) although subtle changes to the 
involved physical component (IPC) configuration 
have been implemented.  An IPC is the physical 
component the body contacted that led to the injury.  
Examples of IPCs include restraints, all parts of the 
vehicle interior, other occupants, cargo, and any 
intruding structure that the occupant contacts, such as 
a pole or the hood of another vehicle. 
 
There are three types of IPC configurations now 
available: Isolated, Tandem, and Critical, and each 
has unique governing rules.  An Isolated IPC occurs 
when only one point of contact to the occupant is 
required to produce the injurious loading.  A Tandem 
IPC occurs when multiple components, in series with 
one another, lead to a single point of contact to the 
occupant with simultaneous or sequential loading 
(thorax loading of the belt, air bag, and steering 
wheel).  A Critical IPC configuration occurs when 
multiple components simultaneously load the 
occupant at separate and distinct locations (loading of 
the leg between the foot and knee).  A confidence 
level of Certain, Probable, or Possible will be 
assigned to each IPC according to the specific rules 
by IPC configuration. 
 
For an Injury Causation Scenario (ICS) that involves 
an IPC with a confidence level of Probable or 
Possible, a second “alternate” IPC may be coded.  An 
example of an Isolated IPC with Alternate scenario 
would be a patellar fracture that probably occurred 
from contact with the steering column, but possibly 
occurred from contact with the knee bolster.  The 

Primary IPC would be the steering column, and the 
Alternate IPC would be the knee bolster.  Prior 
coding protocol could not capture such 
circumstances.  Table 3 shows the different IPC 
configurations available in CISS, SCI, and CIREN 
and a numeric identification scheme for clarity in 
referencing. 
 

Table 3. 
IPC Configuration Numbering Scheme 

 

IPC Configuration 
Primary 
IPC 

Alternate 
IPC 

Isolated 1.1 1.2 

Tandem 
2.1  
3.1  
4.1  

Critical 
5.1 5.2 
6.1 6.2 
7.1 7.2 

 
NHTSA has also increased the number of 
components available inside the vehicle occupant 
compartment to add greater specificity and better 
describe injury patterns. 
 
BioTab causation coding has included the ability to 
associate documented occupant comorbidities as 
Contributing Factors – factors deemed to increase 
the severity or likelihood of an injury.  Due to the 
extensive medical data access in CIREN, a wide 
range of pre-existing conditions affecting injury 
causation have been documented since 2005.  For 
CISS and SCI, a condensed list of relevant high-
frequency pre-existing conditions, such as 
osteoporosis or obesity, can be linked to an 
injury’s causation if documented in available 
medical records.  Contributing Factors may also 
include items such as intrusion or the presence of 
an unbelted occupant. 
 
Visual Anatomical Injury Descriptor  
 
In 2014 NHTSA began discussions with the 
Department of Defense (DOD) Army Research 
Laboratory (ARL) based in Aberdeen Proving 
Ground, Maryland to use VisualAID software in its 
programs recording and analyzing detailed injury 
information.  An Interagency Agreement was 
signed by both parties in May 2015, which allowed 
the use of VisualAID in NHTSA’s CISS, SCI, and 
CIREN programs. ARL also incorporated NHTSA 
injury causation elements into a version of 
VisualAID for NHTSA use.  This project is a novel 
collaboration between two different government 
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agencies – the DOT and the DOD – to improve 
processes and leverage strengths within both 
organizations to create a viable finished product. 
 
A Brief History of VisualAID 
 
VisualAID is an injury visualization application 
created by the Warfighter Survivability Branch of 
the ARL in the year 2010 [6,7].  Originally 
VisualAID was a web application that would take a  
list of Abbreviated Injury Scores and produce 
images with color-coded anatomy denoting the 
severity of injuries.  As user requests for 
VisualAID's analytical capabilities expanded, so 
too did its capability to visualize data in various 
ways and arrange and analyze data.  VisualAID 3.0 
was over ten times the size of its first iteration and 
was capable of being built into several versions 
including an online version and a database to 
persist and share user data. 
 
VisualAID uses the Zygote 3D Male Human 
Anatomy to render images of specific tissues 
according to AIS code descriptions [8].  
VisualAID renders the images of tissues in specific 
colors to denote AIS severity or Functional 
Capacity Index.  For denoting severity, a 
qualitative “heat-map” color scheme of green to 
yellow to red is used; with green representing the 
lowest severity (severity 1) and dark red (severity 
6) representing the highest injury severity, as 
shown in the example in Figure 1.  AIS Codes with 
a post-dot “9” signify unknown severity and these 
are denoted in blue.  Other annotations can be 
added to give the analysts contextual information 
and increase flexibility of the visualization tool. 
Multiple injury visualizations can be generated 
within VisualAID and then compared side-by-side 
to easily identify patterns and trends in injuries. 
 
VisualAID is useful to those performing analysis 
of injuries based on information from occupant 
medical records or results from modeling and 
simulation. Benefits of the VisualAID tool include: 

• A reference anatomy that is independent 
of personal identification which allows 
visualization of actual occupant trauma. 

• Displaying of AIS-coded damage to 
various skeletal and organ structures. 

• Support of rapid turn-around analysis and 
data reporting. 

• Allows for the visualization and validation 
of AIS codes.  

• Provides a technique for users to learn 
anatomy and the severity of injury as 
described by AIS. 

 

 
 

Figure 1. VisualAID rendered image, showing 
example injuries with AIS severity colors. 

 
To ensure that the enhanced VisualAID tool was 
compatible with the previous injury recording tool 
used in CIREN, SCI and NASS, AIS 2005 Update 
2008 codes and injury aspects were mapped to AIS 
2015 codes and localizers [3,4].  Some additional 
localizers had to be added so that injuries could be 
translated from the historical system [9]. 
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VisualAID and the Injury Causation Scenario 
 
Integrating the Injury Causation Scenario into 
VisualAID represented one of the most dramatic 
facelifts to one of VisualAID's core pages.  This, 
along with the integration of AIS 2015, represents 
the fourth major iteration of the application. 
 
In preparation for a collaboration with NHTSA on 
the Injury Causation Scenario forms, ARL 
constructed a prototype capable of displaying any 
type of questions potentially needed on the ICS 
form and split those questions into any number of 
pages.  To support quick changes to this form, a 
workflow was established that allowed the forms 
to be recreated and the database populated from a 
text file.  This allowed ARL to easily create and 
edit multiple versions of the ICS forms, the pages 
on those forms, the questions on those pages, the 
answers to those questions, and any validation 
rules that a given form or question may have. 
 
The Injury Selection by AIS Codes page received a 
facelift, changing the AIS code input field from a 
long plaintext field into an excel-like data grid as 
shown in Figure 2. The page was modified to be 
far more flexible, altering its contents to conform 
to a wide range of monitor resolutions. Animations 
of the displayed injuries were added to increase 
VisualAID’s visualization capabilities. 
 
An example of a simple ICS long form summary is 
shown in Figure 3. This window provides an 
overview of the AIS code, injury description, 
localizers, and causation coding for the injury.   
 
After collaborating with NHTSA and determining 
the structure of each version of the ICS forms ARL 
rebuilt the forms and added them to the database.  
A workflow was created to allow ARL to move 
their database structure onto NHTSA’s database, 
transitioning not only from one server to another 
but from one database technology to another. 

 
 

 
 

Figure 1.  ICS Summary page example coding 
Injury Causation for rib fractures using the 

VisualAID interface. 

 
VisualAID was altered to allow a new version of 
the application to be integrated into NHTSA’s 
system.  This version uses NHTSA user records’ 
access privileges and was tailored to interact with 
the primary data entry software used in the 
investigation-based programs, the CISSWeb 
application.  A link between the two applications 
was established so that vehicle occupant 
information could be securely passed from one 
database to another while maintaining a distinct 
separation between them.  A user viewing a 
vehicle occupant in CISSWeb can now bring the 
relevant data into VisualAID, code that occupant’s 
injuries, fill out his ICS form and return to 
CISSWeb where a summary of data entered will be 
displayed. 

 

Figure 2. VisualAID Injury Selection by AIS Codes page with data grid and embedded BioTab coding. 



  Mynatt, 9 

CONCLUSIONS 
 
The Data Modernization Project was initiated to 
reaffirm NHTSA’s position as a leader in 
investigation-based crash data collection.  One of 
the chief outcomes was the replacement of NASS-
CDS with the CISS program. CISS will have vast 
improvements over its predecessor in many areas 
such as sample design, IT infrastructure, and scene 
and vehicle documentation.  Additionally, CISS 
will deliver stakeholders a much more robust set of 
injury data, which was one of the most widespread 
requests of the Data Modernization effort. 
 
Three injury areas were addressed in the CISS 
redesign.  First of all CISS, along with SCI and 
CIREN, have adopted an updated version of the 
AIS to score and classify injuries. This version 
keeps pace with the ever-evolving trauma field and 
will be the seventh version of AIS used by NHTSA 
since 1976. 
 
Secondly, CISS and SCI have added ten data 
elements to describe injury causation scenarios for 
seriously injured occupants.  The scenarios are a 
condensed version of the data traditionally 
collected in the CIREN program. Because of the 
large volume of weighted cases in CISS, the 
addition of this data will be a valuable resource to 
researchers as they identify crashworthiness areas 
where further improvements can be made.   
 
Lastly, NHTSA’s investigation-based programs 
will be using state-of-the-art software developed 
by the Department of Defense Army Research 
Laboratory to enter and present injury data.  The 
interactive coding tool, VisualAID, includes error 
checks and conformance with the AIS dictionary 
during the initial entry of injury codes. The 
VisualAID version used by NHTSA will also 
describe injury causation scenarios, present injury 
data with increased detail, and provide data in a 
more user-friendly format. 



  Mynatt, 10 

REFERENCES 
 
[1] Association for the Advancement of Automotive 
Medicine website. http://www.aaam.org 
 
[2] Chen, et. al, “NHTSA’s Data Modernization 
Project”, Proceedings of the 2015 Federal Committee 
on Statistical Methodology (FCSM) Research 
Conference. 
 
[3] AAAM. (2015) Abbreviated Injury Scale 2015 
Revision, Association for the Advancement of 
Automotive Medicine, Chicago, IL. 
 
[4] AAAM. (2008) Abbreviated Injury Scale 2005 
Update 2008, Association for the Advancement of 
Automotive Medicine, Chicago, IL. 
  
[5] Schneider, Lawrence W. , Rupp, Jonathan D. , 
Scarboro, Mark , Pintar, Frank , Arbogast, Kristy B. , 
Rudd, Rodney W. , Sochor, Mark R. , Stitzel, Joel , 
Sherwood, Chris , MacWilliams, Joel B. , Halloway, 
Dale , Ridella, Stephen and Eppinger, Rolf (2011) 
'BioTab—A New Method for Analyzing and 
Documenting Injury Causation in Motor- 
Vehicle Crashes', Traffic Injury Prevention, 12: 3, 
256 — 265 
 
[6] Gillich, P. (2011) ‘Trauma Analysis through 
Data-Driven Medical Injury Visualization’ Workshop 
on Visual Analytics in Healthcare 
http://www.visualanalyticshealthcare.org/docs/VAH
C2011-Proceedings-LowRes.pdf 
 
[7] Kulaga, Autumn R., Gillich, Patrick J., (2010) 
‘Visual Anatomical Injury Descriptor’, 
Survivability/Lethality Analysis Directorate, Army 
Research Laboratory, Aberdeen Proving Ground, 
MD. 
 
[8] Zygote Media Group, (2010) ‘Human Anatomy 
3D Model’. http://www.zygote.com/ 
 
[9] Loftis, Kathryn L., Gillich, Patrick J. (2016) ‘The 
Standard Use of Localizers for Injury Biomechanics’, 
Short Communication, Traffic Injury Prevention, 
17:S1, 202-204. 
 
 
 



  Mynatt, 1 

IMPROVED FIELD MEASUREMENTS IN NHTSA’S CISS PROGRAM 
 
Mark Mynatt 
John Brophy 
National Highway Traffic Safety Administration 
United States of America 
 
Paper Number 17-0174 
 
ABSTRACT 
 
In 2012 the United States Congress issued a directive to the National Highway Traffic Safety Administration 
(NHTSA) to modernize its nationally representative crash databases and examine the data collected in those 
programs.  In response, NHTSA initiated the Data Modernization Project to affirm its position as the leader in motor 
vehicle crash data collection and analysis, by collecting quality data to keep pace with emerging technology and 
evolving policy needs.  To ensure the needs of the highway safety community were met NHTSA sought input from 
users of the data including government, academia, and industry.  One of the areas the stakeholders requested 
upgrades was in the collection of more precise scene diagrams and vehicle measurements in the investigation-based 
programs.  NHTSA’s new nationally representative study, the Crash Investigation Sampling System (CISS), will 
collect scene and vehicle measurements using total station mapping equipment.  NHTSA elected to use FARO 
Technology software to produce scaled scene diagrams and will release files to the public which can be used by 
most computer-aided design (CAD) software.  The purpose of this paper is to describe the CISS scene and vehicle 
measurement procedures and detail the improvements users of the data can expect in the coming years. 
 
 
BACKGROUND 
 
NHTSA has operated multiple investigation-based 
data collection programs with detailed scene, vehicle 
and occupant injury information: the National 
Automotive Sampling System (NASS), the NASS-
Crashworthiness Data System (NASS-CDS), Special 
Crash Investigations (SCI), and the Crash Injury 
Research and Engineering Network (CIREN).   
Data from each of the programs has been critical in 
NHTSA’s evaluation of vehicle crashworthiness 
countermeasures such as air bags and seat belts and 
identifying problem areas where improvements could 
be made.  The focus of these data collection 
programs have differed somewhat, but they were 
intended to complement one another.   
 
NASS (1979-1987) was NHTSA’s initial nationally 
representative crash data collection system and 
served as the forerunner to NASS-CDS.  NHTSA re-
evaluated its data collection programs in 1988 and 
elected to divide NASS into two components:  
NASS-CDS and NASS-General Estimates System 
(NASS-GES), the latter of which being a police 
report-based nationally representative sample 
designed to collect basic statistical information in 
order to monitor traffic safety trends. 
 
NASS-CDS (1988-2015) was a nationally 
representative sample of towed light vehicle crashes 
with an emphasis on the crashworthiness of the 

vehicle.  NASS conducted detailed investigations of 
the crash scene, vehicle damage, and injury.  The 
case selection algorithm was designed to give fatal 
and severe injury crashes a higher probability of 
selection.  Data was collected at 24 sites across the 
country with an average of 4,500 cases per year 
between 1999 and 2015. 
NASS-CDS case viewers are available at  
http://www.nhtsa.gov/NASS.  The statistical data sets 
are located at ftp://ftp.nhtsa.dot.gov/NASS/. 
 
SCI (1972-present) is a collection of approximately 
125-150 targeted investigations each year that are 
used by NHTSA and the automotive safety 
community to understand the real-world performance 
of existing and emerging advanced safety systems as 
well as other unique safety problems occurring on the 
nation’s roadways. The SCI case data and technical 
reports can be accessed at http://www.nhtsa.gov/SCI.  
 
CIREN (1997-present) is a hospital-based study 
operating at six medical centers across the country, 
collecting approximately 300 serious injury cases per 
year.  The CIREN process combines comprehensive 
data elements with professional multidisciplinary 
analysis of medical and engineering evidence to 
determine injury causation in every crash 
investigation conducted.  CIREN case viewers and 
statistical data sets are accessible at 
http://www.nhtsa.gov/CIREN.    
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INTRODUCTION 
 
In response to a congressional directive to modernize 
its nationally representative crash databases, the Data 
Modernization Project concluded that the NASS-
CDS program would be retired and replaced with the 
Crash Investigation Sampling System (CISS).  It was 
also decided that other NHTSA programs collecting 
detailed investigation-based data - SCI and CIREN - 
would remain largely unchanged with the exception 
of Information Technology (IT) infrastructure, 
improvements to injury information, and the 
upgrades to vehicle and scene data collection 
described later in this paper. 
 
The new CISS program is designed to provide many 
improvements from its predecessor including: 

• An updated sample design with new sites for 
more representative data and smaller 
statistical margins of error for key estimates, 

• Better targeting of newer vehicles and more 
severe crashes in case selection algorithm, 

• Flexibility to increase the number of sites 
without reselection, 

• Consolidating IT infrastructure, 
• Obtaining more accurate scene and vehicle 

measurements, 
• Upgrading injury information, and 
• Making it easier for end users to access the 

data. 
 
Although the main focus of this paper is to discuss 
enhancements in CISS field measurement collection, 
it is first necessary to briefly describe other program 
improvements in more detail.  
 
CISS Sample Design 
 
To ensure accurate national estimates of passenger 
vehicle crashes in the country, NHTSA designed a 
sophisticated three-stage sample:  the first stage is a 
sample of single counties or a group of counties 
called the Primary Sampling Unit (PSU); the second 
stage is a sample of police jurisdictions (PJs) within 
the PSUs; and the third stage is a sample of crash 
reports at the selected PJs.  
 
The new sample design improves operational 
efficiency because the designers took into account the 
lessons learned in the previous NASS-CDS sample 
design.  One example of this dealt with the size of the 
PSUs.  Some PSUs in NASS-CDS covered very large 
geographic areas that resulted in excessive driving 
time for the Crash Technicians collecting field data.  
As part of the redesign, the goal was to sample 

smaller areas to reduce associated travel times and 
thereby provide more field data collection time and 
potentially an increased caseload. 
 
Additionally, the new sample design took into 
account end-user requirements.  End users 
consistently requested data on recent model year 
vehicles equipped with new and emerging 
technologies.  The new sample was designed to 
include more recent model year vehicles (previous 
four model years) which are more likely to be 
equipped with advanced crashworthiness and crash 
avoidance technologies.  Areas with a higher volume 
of severe crashes and those with more crashes 
involving newer vehicles had a greater likelihood to 
be selected as PSUs. 
 
To further enable CISS to generate cases with newer 
vehicles and higher severity injuries, a greater 
granularity in sampling was necessary.  Crash reports 
are now listed into categories referred to as domains 
(also referred to as strata):  Recent Model Year 
(vehicles that are 4 years old or newer), Mid Model 
Year (vehicles that are 5-9 years old), and Older 
Model Vehicles (vehicles 10 years old or older).  
With these changes, the CISS Pilot Study revealed a 
higher case selection rate on newer vehicles (47% in 
CISS versus 33% in NASS-CDS), thereby 
accomplishing one of the primary objectives of the 
sample redesign. 
 
There was a significant change in the priority of the 
police crash reports domain/strata assignments in 
CISS as compared to NASS-CDS.  In NASS-CDS, 
injury severity took precedence over model year 
when assigning domain/strata to a crash report.  
However, the CISS sampling flow chart prioritizes 
model year of vehicle before severity of injury.  This 
was a deliberate change by NHTSA in an effort to 
include more new vehicles that will likely be 
equipped with more advanced crashworthiness and 
crash avoidance technologies. The priority change 
was accounted for when crash population estimates 
and the target allocations were developed. 
 
To reduce missing data in CISS, the system has been 
designed to replace cases when there is NOT a 
reasonable expectation that the vehicle, by which the 
crash was assigned a domain, will be successfully 
inspected.  Reasons for a replacement case include, 
but are not limited to, the following scenarios: 

• The vehicle has been repaired, crushed, sold 
to another owner, or moved out of the area, 

• An owner, insurance company, tow yard, 
police, or other responsible party denies 
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permission to inspect the exterior of the 
vehicle, or 

• After following protocols for sufficient 
contact attempts, the CISS Crash Technician 
is unable to locate the vehicle or reach those 
persons necessary to secure permission to 
inspect the exterior of the vehicle.  

 
Early results on replacement cases have been very 
promising and could prove to be one of the 
significant upgrades from NASS-CDS, particularly at 
PSUs located in urban areas where cooperation has 
historically been more difficult to attain.  The CISS 
sample design is described in much greater detail in a 
paper by Chen, et. al, “NHTSA’s Data Modernization 
Project” presented at the 2015 Federal Committee on 
Statistical Methodology (FCSM) Research 
Conference [1]. 
 
CISS Information Technology (IT) 
 
A significant amount of the resources dedicated to 
the Data Modernization Project were used to improve 
the IT components of the various programs sponsored 
by NHTSA’s National Center for Statistics and 
Analysis (NCSA).  One of the major concerns 
addressed was making the new data system compliant 
with Federal privacy and security requirements.  The 
new system utilizes Max.gov, which meets stringent 
authentication requirements.  The databases, sensitive 
documents, and all Personally Identifiable 
Information (PII) are fully encrypted.   
 
Another goal of the project was to modernize and 
consolidate the IT infrastructure for multiple legacy 
systems.  The new system was able to more 
efficiently use scarce resources by eliminating 
redundancy and utilizing a consolidated server 
platform in a Federal data center supported by full 
virtualization.  The new IT system also improves 
flexibility to add/subtract data by using a common 
variable set for shared elements across programs, 
making changes much more efficient.   
 
Data in the CISS, SCI, and CIREN programs is now 
collected in the field by Investigators or Crash 
Technicians using rugged tablet computers, similar to 
those used by military and law enforcement 
personnel.  In the past, information was collected 
largely on paper and then transferred into electronic 
format causing inefficiencies.  Information that will 
be available to end users in the programs is expected 
to be much more robust and easier to use than in the 
previous systems.  Although the new IT system 
required a significant initial investment, the upgrades 

should make the NCSA data programs more 
sustainable moving forward. 
 
CISS Injury Upgrades 
 
Three primary injury areas were addressed in the 
CISS redesign.  First of all CISS, along with SCI 
and CIREN, have adopted an updated version of 
the Abbreviated Injury Scale (AIS) to classify 
injuries.  The revision, AIS 2015©, like the 
versions used by NHTSA since 1976, is produced 
by the Association for the Advancement of 
Automotive Medicine (AAAM).  AIS 2015 
incorporates the needs of its users and the current 
status of traumatic injury diagnosis and 
documentation.   The revision is the next step in the 
continual evolution of traumatic injury classification 
and scaling.  Clearer and expanded coding rules 
encourage improved interrater reliability to support 
an improved tool for both medical coders and 
researchers [2]. 
 
Secondly, CISS and SCI have added ten data 
elements to describe injury causation scenarios for 
seriously injured occupants.  In the past CISS and 
SCI did not provide injury causation.  The 
scenarios are a condensed version of the data 
traditionally collected in the CIREN program.  
Because of the large volume of weighted cases in 
CISS, the addition of this data will be a valuable 
resource to researchers as they identify 
crashworthiness areas where further improvements 
can be made.   
 
Lastly, NHTSA’s investigation-based programs 
will be using state-of-the-art software developed 
by the Department of Defense Army Research 
Laboratory to enter and present injury data.  The 
Visual Anatomical Injury Descriptor (VisualAid) 
software offers many advantages not only during 
the initial entry of AIS codes and injury causation 
scenarios, but will also present the injury data with 
increased detail and in a more user friendly format. 
 
Additional detail is described in ESV paper 17-0173, 
“Documenting Injuries in NHTSA’s CISS Program”, 
Mynatt, et al. 
 
DISCUSSION 
 
After reviewing the Data Modernization feedback 
from stakeholders it became evident that more 
precise scene and vehicle data were areas CISS 
should attempt to upgrade.  The majority of the 
comments related to scene and vehicle 
documentation received from various organizations, 
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including auto manufacturers, suppliers, safety 
advocates, the medical community, and government, 
were similar.  In general, they requested more 
accurate scene documentation and more detailed 
descriptions of damage sustained by the vehicle.  To 
address the users’ needs, NHTSA elected to make 
three significant improvements to scene and vehicle 
data collection in the CISS program:  1) provide more 
comprehensive crash scene documentation and scaled 
diagrams; 2) increase the number and precision of 
vehicle crush measurements; and 3) make the raw 
measurements collected at the scene available to the 
public in a format that can be used in most 
reconstruction and mapping software. 
 
Since NHTSA’s other investigation-based programs - 
SCI and CIREN - also use the same methods to 
document the crash scenes and vehicles,    
NHTSA took the opportunity presented by the Data 
Modernization project to update all the programs 
simultaneously. 
 
Previous Data Collection Methods 
 
Since the inception of NASS in 1979, and continuing 
through its final data collection year in 2015, 
methods used to collect vehicle crush data and 
document the crash scene had changed very little.  
Throughout this period, all measurements were 
collected with a tape measure and then hand-
transcribed to a paper form or into a pen-based 
computer (1997-2007).  For scene inspections, there 
were generally two methods to document the 
curvature of a roadway:  the chord/middle ordinate 
method and the offset method.  Both methods 
required placing a tape measure on the ground and 
manually measuring the distance of the middle 
ordinate or incremental offset values.  Obtaining 
these measurements over long distances usually 
required the use of 50 meter cloth tape measures and 
other cumbersome tools while working alone.  For 
safety reasons the tools provided were recommended 
to be used off the roadway and presented obstacles 
such as vegetation, ditches, rocks, etc. that skewed 
the accuracy of measurements.   
 
Similarly for vehicle crush measurements, tape 
measures were laid alongside the vehicle to 
establish the original dimensions (length and 
width) of the vehicle.  Crush to the vehicle was 
then documented using tape measures and 
incremented rods.  In some cases this may have 
contributed to minor errors in reporting crush, 
damaged wheelbase, and other required 
measurements due to the tape measure laying on an 

uneven surfaces or vehicles being stored in 
confined spaces. 
 
NHTSA recognized that these traditional methods for 
scene documentation and acquiring vehicle crush 
measurements lacked the desired precision and 
sought to find a remedy. 
 
Electronic Distance Measuring Device 
 
To address the accuracy issues in data collection, 
NHTSA took the opportunity to upgrade its field 
measurement techniques and equipment.  The first 
step was to conduct a time analysis study of the 
NASS-CDS program, which tabulated the time 
necessary to complete the tasks required of the 
field personnel and their processes.  The results of 
study highlighted that the documentation of scenes 
and vehicles using the manual measurement 
methods was overly time consuming and an area 
where efficiencies could be realized.   NHTSA 
then began testing the viability of various 
technologies that could potentially improve the 
accuracy of the data and the efficiency of the 
expended effort.   
 
Tools evaluated ranged from inexpensive hand-
held laser tape measures to very expensive 360-
degree laser scanners.  For the purposes of scene 
measurements, a product was required that 
minimized the necessity for the Crash Technician 
to venture into the road to obtain measurements 
because the NHTSA programs lack the authority to 
divert traffic or close the roadway.  Safety of the 
NASS/CISS personnel has always been paramount.  
NHTSA sought tools that could be paired with 
software and could produce a precise scaled scene 
diagram with minimal input from the user.  
NHTSA concluded that the optimal measurement 
device  and software package should have the 
following capabilities: 

• Document scenes from off the road, 
• Require only one person for operation, 
• Capture points in all orthogonal axes 

(X,Y,Z), 
• Produce diagrams in both two-dimension 

and three-dimension, 
• Produce standard outputs that could be 

used in multiple computer-aided design 
(CAD) software packages, 

• Analyze the points documented and 
produce a scaled drawing of the scene 
with limited human involvement, 

• Document various crush and reference 
points on damaged vehicles, and  
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• Be affordable so each Crash Technician 
could be equipped with the technology. 
 

Prior to procuring any equipment, NHTSA’s 
Office of Regulatory Analysis (ORAE) was 
enlisted to confirm the cost benefits of moving to 
an electronic measurement collection platform.  It 
was estimated that the reduction in labor hours 
would allow NHTSA to recoup the initial 
investment on the equipment in approximately 
three years.  With all of the above considered, 
NHTSA elected to procure Nikon Total Station 
electronic measuring devices coupled with 
FARO® Blitz software.  It should be noted that 
during the evaluation process the software suite 
was owned by ARAS 360 Technologies 
Incorporated.  FARO Technologies Incorporated 
acquired ARAS in February 2015.   
 
Training on the Equipment 
 
After attending training to become familiar with 
the capabilities and features of the hardware and 
software, NHTSA’s Crash Investigation Division 
(CID) staff developed new protocols for scene and 
vehicle documentation in the NHTSA 
investigation-based programs.      
 
The key to crash data collection is consistency.  To 
ensure new CISS Crash Technicians in the field 
were trained uniformly on these technologies, 
NHTSA CID staff conducted all training on the 
new products and measurement procedures.  The 
entire Crash Technician training process takes 
approximately six months for each group of 
trainees and includes five separate weeks at 
NHTSA’s Crash Investigation Training Facility 
located at the Mike Monroney Aeronautical Center 
in Oklahoma City, Oklahoma.  One week of 
training was dedicated solely to total station and 
FARO software and consisted of both classroom 
and field exercises.  By using pre-measured scenes 
and crashed vehicles, the instructors were able to 
ensure accuracy among the trainees and 
consistency between the various sessions of 
training.  The instructor-led training at the training 
facility was followed with on-the-job training at 
the PSU field offices. Throughout the remaining 
training weeks the Crash Technicians were tested 
and required to show proficiency with the 
measurement device and software.  Figure 1 shows 
CISS trainees collecting scene measurements using 
total stations at NHTSA’s training center.   
 

 

 
 

Figure 1.  CISS trainees collecting scene 
measurements. 
 
Scene Data Collection 
 
To ensure uniformity, protocols and guidelines 
were established for documenting scenes and scene 
evidence.  The positioning of the total station 
device is crucial in scene documentation.  Unlike 
law enforcement, the Crash Technicians cannot 
setup the device on the roadway, so a safe location 
where the majority of the physical plant and 
evidence can be captured is critical.  As the 
trainees progressed, they were also instructed on 
techniques to merge multiple scenes together when 
all required data points cannot be obtained from 
one total station setup location.  Guidelines for 
leveling the device were provided along with a 
series of 26 steps to set up the instrument to begin 
scene or vehicle documentation.  Code Descriptors 
(CD) were developed and distributed to all trainees 
so that a consistency was ingrained throughout the 
system.  These CD ensured a standardized naming 
convention for points contained in the raw file 
generated by the Nikon Total Station.  Example 
Code Descriptors include: EP (edge of pavement), 
LLS (lane line solid), CW (crosswalk), CB (curb), 
ELV (elevation), GOU (gouge), etc.  
 
The new scene guidelines stipulated that a 
minimum number of points were to be recorded 
when documenting a roadway.  Crash Technicians 
are required to record at least five points on road 
lines to demonstrate any roadway curvature even 
when they appear straight.  Curved roadways and 
lines often require significantly more points be 
documented.  By doing this, any curvature of the 
road will be captured and will result in more 
precise and realistic scene diagram. 
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In all the investigation-based programs, scene 
measurements are now collected in three-
dimensions (X,Y,Z), although they are presented in 
the FARO Blitz software in two-dimensions.  
NHTSA made the decision during design of the 
system that two-dimension scenes would be 
sufficient for CISS.  Producing scenes in three-
dimensions would have required additional 
computer hardware, more robust and costly FARO 
360 HD software, additional training, and more 
time to complete each scene diagram.  NHTSA felt 
the additional resources required for three-
dimension scene diagrams could be better 
allocated toward more CISS cases.  The files 
provided to the public will have all the data points 
measured in three-dimensions, and the user can 
create their own version of a three-dimensional 
scene in most CAD, mapping, or reconstruction 
software packages.  NHTSA’s CID staff is also 
equipped with the more advanced FARO 360 HD 
software for use when additional details are 
needed. 
 
Crash Technicians were instructed during training 
on how to document various types of crash scenes 
including intersections, curved roads, off road, and 
object impacts.  Guidance was also issued on 
documenting specific points on more complex 
objects.  For example, when documenting traffic 
signals all measurements should be to the middle 
of the signal (typically the yellow light) to 
represent the height off the ground for potential 
use in three-dimensional models.  Similarly, stop 
signs are measured to the point where the bottom 
of the sign meets the vertical pole or post. To 
maximize efficiency, Crash Technicians were 
taught methods to document roadways by adding 
specific prefixes to the Code Descriptors so the 
FARO software can connect lines on the scene 
diagram.  By using “Z” and “X” prefix 
designations on lines, the software will connect the 
same-named points creating a line on the diagram.  
By efficiently labeling eight curbs or road edges 
that make up a four-leg intersection, the software 
connects all similar named lines together creating 
the legs of the intersection.   
 

Figure 2 shows the 127 points collected by a CISS 
Technician using the total station during 
documentation of an intersection crash scene.   
 

 
 
Figure 2.  Example of points collected at an 
intersection crash scene using Nikon Total 
Station. 
 
Figure 3 is an example of the final diagram of the 
same scene displayed in Figure 2.  The points 
captured by the total station and named using 
common code descriptors have been connected by 
the software and other final features such as traffic 
signals, north arrows, scales, and callouts giving 
additional details have been included.  
Additionally, the position of the two vehicles 
involved in the crash at pre-crash, impact, post-
impact paths, and final rest positions are shown on 
the final diagram. 
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Figure 3.  Final scene diagram using the points 
displayed in Figure 2.  
 
In CISS, some selected crashes occur on limited 
access or interstate roads where stopping/parking 
is not permitted or safe.  In these cases, the FARO 
software allows the Crash Technician to use 
Google satellite imagery to pinpoint the exact 
position of the crash and trace the scene in the 
software, resulting in a scaled diagram of the 
physical scene minus any evidence.  
 
The scene diagram, along with the rest of the case, 
is devoid of any personally identifiable 
information.  The Crash Technician attaches the 
following files to the CISS case: 

• .nik – the Nikon file generated from points 
documented 

• .blz – a Faro Blitz file generated from 
drawing the complete scene 

• .csv – the comma separated values file 
where all the scene data is stored as 
tabular data 

• .pdf – a portable document format 
(Adobe) where the scene diagram can be 
visible to a wide audience of users 
 

All of these files will be published with the case 
file on NHTSA’s website, unless the scene was 
drawn using only the Google imagery feature 
which eliminates the .nik and .csv file extension 
types. 

Vehicle Data Collection 
 
One of the most appealing features of the FARO 
Blitz software is its ability to determine vehicle 
crush based on points collected by the total station.   
This is done by measuring crush points on the 
damaged plane of the vehicle in conjunction with 
undeformed points, such as undamaged axles and 
center points on planes that did not sustain 
damage.  The points from the damaged vehicle are 
overlaid on an undamaged model and the 
difference is calculated by the software to produce 
crush.  Principles for obtaining crush are similar to 
the previous manual method, in that the damaged 
vehicle is compared to its undeformed state.  
However, the efficiency by which this is done now 
is a considerable upgrade from the earlier systems. 
 
The reliability and accuracy of the scene portion of 
the FARO software is well documented in 
validation studies and papers [3,4,5], and is 
commonly used by law enforcement officers in 
court.  However, since the vehicle module of the 
software used to establish crush values was 
relatively new at the time of evaluation, NHTSA’s 
CID conducted an evaluation to ensure the 
accuracy of the software.  A team of Crash 
Investigation Specialists from NHTSA traveled to 
a crash test facility and documented a series of 
vehicles involved in six crash test configurations:  
full frontal, side, side pole, frontal small overlap, 
frontal oblique, and rear impacts.  The crush to the 
vehicles was documented using the traditional 
manual measurement techniques, and the updated 
data collection method featuring the Nikon Total 
Station and FARO software.  The crush 
measurements using the two methods were entered 
into the WinSMASH reconstruction software used 
to generate Delta V (change in velocity).  These 
results were compared with the data imaged from 
the vehicle’s Event Data Recorder (EDR) and 
accelerometer data available from the crash tests. 
The evaluation concluded that the updated vehicle 
measurement procedure was quicker, and resulted 
in a slight increase in the accuracy of the output 
compared to manual measurement techniques used 
in the past.   
 
NHTSA updated its Vehicle Measurement 
Technique Guide used in the investigation-based 
programs to assist the field staff in setting up the 
instrument and obtaining the crush and other 
vehicle measurements that are ultimately entered 
into the WinSMASH reconstruction software to 
generate Delta V.  One of the areas that increases 
the accuracy in the new measurement approach is 
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the number of crush points collected on a vehicle.  
The old manual method collected damage at six 
points along the vehicle's crush profile regardless 
of damage length, while the new procedure 
collects crush at 10 cm increments.  This often 
results in a marked increase in number of points 
documented in the crush pattern.  Figure 4 shows a 
vehicle with side impact damage documented with 
a total station.  In this example, instead of six 
crush measurements as in the previous 
measurement method, twenty-three points were 
collected to document the crush.  It should be 
noted that regardless of the number of crush points 
collected by the total station at the vehicle, the 
FARO software consolidates the crush points into 
six values for use by WinSMASH and other 
reconstruction software capable of generating 
Delta V.  Figure 5 displays the results from a 
frontal impact. 
 
 

 
 
Figure 4.  Image of a vehicle with side impact 
damage and the resulting models using FARO 
Blitz and FARO 360 HD software. 
 

 

 
 
Figure 5.  Images of a vehicle with frontal 
damage and the resulting models using FARO 
Blitz and FARO 360 HD software. 
 
Early feedback from Crash Technicians that moved 
to the CISS project from the previous NASS-CDS, 
as well as SCI Investigators who have used both 
vehicle measurement methods, has been very 
positive.  They have stated that the new 
measurement protocols with the electronic 
measurement device and FARO software not only 
improves accuracy, but is also more efficient in 
most cases.   
 
CONCLUSIONS 
 
The Data Modernization Project was initiated 
to reaffirm NHTSA’s position as a leader in 
investigation-based data collection.  One of the 
chief outcomes was the replacement of NASS-
CDS with the CISS program.  CISS will have 
vast improvements over its predecessor in many 
areas such as sample design, IT infrastructure, 
and injury data.  Additionally, CISS will 
deliver stakeholders more precise scene and 
vehicle information, which was one of the most 
widespread requests of the Data Modernization 
effort. 
 
NHTSA’s move to the Nikon Total Station 
electronic measurement device coupled with 
FARO mapping software will provide more 
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robust and accurate scene information.  The 
scenes in CISS will be measured with a higher 
degree of accuracy than in previous data 
collection studies, which gathered 
measurements manually using tape measures.  
Scaled scene diagrams can be completed more 
efficiently than in past studies due in large part 
to the software’s ability to automate the 
diagramming process, thus reducing the amount 
of time required to finalize diagrams.  
However, the most important feature of the 
improved scene documentation procedure is the 
reduction in the amount of time the Crash 
Technicians are in harm’s way collecting 
measurements in or near the trafficway.  
 
NHTSA will make four file types available to 
the public from scenes documented using total 
station.  Scaled scene diagrams will be 
produced and the raw data points that were 
collected will be available in multiple formats. 
These can be imported into most CAD or 
mapping software for modeling or 
reconstruction efforts.   
 
The adoption of new electronic measurement 
instrument and software allows the crush and 
other vehicle measurements to be collected 
with a higher degree of precision than 
previously in NHTSA’s investigation-based 
programs. Early results suggest the new vehicle 
measurement techniques are also more time 
efficient. 
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ABSTRACT 

 

LSS (Lateral Support Systems) was developed as a driver support system to help prevent road departure crashes. It 

uses a forward monitoring camera to recognize the lane markings that identify lane boundaries. If there is a high 

probability of lane departure, LSS warns the driver and/or performs control to steer the vehicle back inside the lane. 

However, there are not always lane markings when road departures happen. Therefore, LSS systems that can 

detect road edges and help avoid departure from not just the lane but the road is more desirable. This research 

analyzes road edges existing in the US and Europe with the aim of understanding what road edges should be 

detected and avoided by LSS systems. Google Street View was mainly used for this analysis. The research found 

that grass is the most important road edge in both US and Europe. Also, other road edges such as curb, vertical 

boundary, and guardrail are found important for LSS systems. These results will help to design robust systems 

able to distinguish critical situations from non-critical situations and to establish valid evaluation methods for 

the new generation of LSS systems. 

 

 

INTRODUCTION 

 

Run-off-road crashes are a major crash type 

within the US vehicle crash population. The run-off-

road crashes accounted for around 70% of the fatal 

single-vehicle crashes [1]. In Japan in 2013, single-

vehicle crashes (such as rollovers and collisions with 

stationary objects or vehicles) and head-on collision 

crashes accounted for approximately 21% and 10% 

of fatal crashes, respectively [2]. A high proportion 

of these crashes occurred when the vehicle departed 

from the road. Reducing such road departure crashes 

is a major challenge in the development of 

technology to help achieve the ultimate desire of zero 

fatalities and injuries from traffic crashes. 

The importance of reducing road departure 

crashes has also been recognized at a governmental 

level. For example, in 2011, the National Highway 

Traffic Safety Administration (NHTSA) in the US 

began assessments of lane departure warning (LDW) 

systems developed to help reduce these crashes [3]. 

Similar assessments have also been introduced in 

Europe and Japan [4][5]. 

In Japan, human factors such as drowsiness, 

distraction, and intoxication are involved in 

approximately 80% of road departure crashes (Figure 

1) [6]. Furthermore, it was found that roughly 70% of 

drivers performed no steering or braking operations 

after departing the road in these crashes [6]. In the 

US, there was no driver maneuver before the 

departure in about 50% of road departure crashes [7]. 

These facts suggest that many road departure crashes 

occur without the driver realizing that the vehicle is 

departing from the lane. 

LSS (Lateral Support Systems) was developed 

as a driver support system to help prevent road 

departure crashes. It uses a forward monitoring 

camera to recognize the lane markings that identify 
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lane boundaries. If there is a high probability of lane 

departure, LSS warns the driver and/or performs 

control to steer the vehicle back inside the lane. 

When in operation, this system is reported to be an 

effective way of helping to prevent road departure 

crashes [8]. 

 

 
Figure 1.  Human factors of road departure 

crashes in Japan. 

 

However, there are not always lane markings 

when road departures happen. The paper [7] 

describes that 91% of road departures happened on 

paved roads. Of those crashes, 86% of departures 

happened at non-intersection/interchange. Then, there 

were lane markings in 81.7% of those crashes. These 

facts suggest 64% of road departure crashes occurred 

on roads with lane markings, which means 36% of 

those occurred on roads without lane markings. 

Therefore, LSS systems that can detect road edges 

and help avoid departure from not just the lane but 

the road is more desirable. 

This paper describes research on road edges 

existing in the US and Europe with the aim of 

understanding what road edges should be detected 

and avoided by LSS systems. These results will help 

to design robust systems able to distinguish critical 

situations from non-critical situations and to 

establish valid evaluation methods for the new 

generation of LSS. 

A partnership between Toyota Motor 

Corporation, Toyota Motor North America,  and 

TASI (Transportation Active Safety Institute) of 

IUPUI (Indiana University-Purdue University 

Indianapolis) was formed to conduct the US 

investigation. Also, a partnership between Toyota 

Motor Corporation and Applus IDIADA was formed 

to conduct Europe investigation. 

 

METHODS 

 

The investigation was conducted in the 

US and Europe. The detailed methods are 

explained in this section.  

 

 

Methods Used for US Investigation 

US investigation consists of three stages 

that are sampling, labelling and weighting of 

visual road images. 

Firstly, sampling stage is explained. 

824,957 random road locations, which are 

geographically equally distributed among all 

the US states including Hawaii and Alaska, 

were generated automatically. Those locations, 

however, are significantly biased in terms of 

road types because this distribution merely 

depends on geographical features of the US. 

Therefore, most of the locations are on low-

level roads such as rural and local 

neighborhood roads. With the aim of having 

greater variations of road edge types, 

stratification sampling was utilized. 

Three different constraints were used to 

generate all the divided groups. Three 

constraints are states, road level and population 

density level. State was selected as the first 

stratification variable because (1) different 

states may have different regulations and 

requirements for road infrastructures; (2) 

different states have different latitude, 

longitude and geographical attributes; and (3) 

different states may have different urbanization 

levels and road infrastructures. 

Road level was selected as the second 

stratification variable because this is the most 

direct measure about the road in terms of 

materials, lane markings and other 

infrastructural features. The road levels were 

directly derived from TIGER (Topologically 

Integrated Geographic Encoding and 

Referencing data from United Stated Census – 

Geography). As many different road levels as 

possible were included unless the road level 

was not suitable for vehicle driving. Eight road 

levels were used, which are listed in Table 1. 

 

Table 1. 

Road levels used in the stratification plan 

Code Description 

S1100 Primary Road 

S1200 Secondary Road 

S1400 Local Neighborhood Road, Rural 

Road, City Street 

S1500 Vehicle Trail (4WD) 

S1630 Ramp 

S1640 Service Drive usually along a 

limited access highway 

S1740 Private Road for service vehicles 

(logging, oil fields, ranches, etc.)  

S1780 Parking Lot Road 
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Population density was selected as the 

third stratification variable in order to have 

more direct control of road-side objects and 

materials during the sampling process. Four 

population density levels were used: “less than 

10”, “10 to 50”, “50 to 1,000” and “more than 

1,000”. 

With the three stratification variables, the 

original dataset with 824,957 random road 

locations were separated into 1,600 groups 

(strata), with all the locations in the same group 

being from the same state, road level and 

population density level. The iterative sampling 

process was applied as illustrated in Figure 2. In 

each iteration, one location in each of the 

groups was randomly collected and removed, 

which was done from the first to the last group. 

When one group had no more locations left 

during the process, the group was skipped in 

the iterations afterwards.  The iterations kept 

looping until enough locations were sampled.  

 

 
Figure 2.  The iterative sampling for all strata. 

 

After applying the stratified sampling 

process described above, a final dataset of 

44,000 random road locations in the US was 

generated, as illustrated in Figure 3. The 

samples cover the whole US map from the deep 

inside mainland to all the corners including 

Hawaii and Alaska. In addition, the road 

locations are more concentrated in the 

metropolitans due to the stratification strategy.  

Secondly, image labelling stage is 

explained. Out of 44,000 locations, Google 

Street View images were downloaded and 

manually labelled for 24,762 locations.  Figure 

4 shows the example of the manual labelling 

process. Road edge type, on-road material, off-

road material, season, weather, and so on were 

manually annotated by trained operators.  

Thirdly, weighting stage is explained. 

Two weighting methods, mile percentages and 

car-mile percentages, were used. 

 

 
Figure 3.  Distribution of the final stratified road 

locations in the US. 

 

 
Figure 4.  Example of manual data labelling for 

US investigation. 

 

The mile percentage means how long the 

road edge type exists in terms of length of 

roads. 824,957 locations were geographically 

randomly sampled and classified into strata. 

Therefore, it was hypothesized that the number 

of each stratum was proportional to the road 

length of the stratum. After calculating the 

proportions of the strata, each location of 

44,000 was weighted by this factor to calculate 

a mile percentage. 

The car-mile percentage means how often 

the road edge type is encountered by vehicles. 

To calculate this, AADT (Annual Average 

Daily Traffic) was estimated. AADT for 19,074 

locations were able to be calculated 

automatically from HPMS (Highway 

Performance Monitoring System). This 

automatic calculation, however, was able to be 

applied to only high level roads such as 

primary and secondary roads. For low level 

roads, the state map showing the traffic density 
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around a sampled location was opened in 

ArcGIS software and the AADT was manually 

estimated. It was quite a time-consuming 

process, so only 3,000 locations were 

processed. And the traffic densities of other 

locations were inferred from that of the similar 

road. After estimating AADT, the mile 

percentage of each location was transformed 

into the car-mile percentage by multiplying 

AADT. 

 

Methods Used for Europe Investigation 

Two methods were utilized to investigate 

road edges existing in Europe. The one is to 

sample 2,022 points from Google Maps and 

analyze them using Google Street View. The 

other is to drive the car with the camera 

installed and record videos. Later on, the 

recorded road edges were analyzed in detail.  

Firstly, Google Street View analysis is 

explained. This method is aimed at finding the 

most common and representative road edges 

that can be found on European roads. With 

considering that the study can cover different 

types of roads through several countries and 

that the evaluation points would be randomly 

chosen, 60 different routes were defined 

through highways, main and rural 

environments, making a total of 20,881km of 

roads. At every 10km of each route, the 

corresponding Google Street View image was 

saved and afterwards analyzed. Figure 5 shows 

the routes on the European map and Table 2 

details the road network analyzed for each of 

the countries. 

 

 
Figure 5.  The 60 routes defined for Google Street 

View analysis in Europe. 

Table 2. 

Road network analyzed for Google Street View 

analysis 

Country Road network 

analyzed [km] 

France 2,652 

Spain 2,667 

Sweden 2,393 

Italy 1,432 

Poland 1,175 

UK 2,007 

Hungary 669 

Belgium 802 

Netherlands 773 

Czech Rep. 1,128 

Greece 784 

Norway 1,115 

Romania 413 

Denmark 1,010 

Switzerland 695 

Serbia 527 

Bulgaria 443 

Slovakia 70 

Croatia 150 

 

The analysis was conducted using the 

images obtained from Google Street View. The 

following points were investigated for each 

image: road type, right road shoulder ’s width, 

visibility of lane markings, road edge ’s clarity 

for camera recognition, right/left lane marking 

types, lane width, type of road edge, and curve 

radius. The road edge type was classified into 

curb, grass, wall, hill, snow, tree, soil, asphalt, 

guardrail and rigid barrier. Figure 6 is the 

example of the analyzed scene.  

 

 
Figure 6.  Example of road edge analysis for 

Europe investigation using Google Street View. 

 

Secondly, the drive-and-record method is 

explained. This method is aimed at further 

analyzing road edge details. A regular vehicle 

was rented and equipped for some weeks with a 
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Video VBOX and 3 cameras. One camera was 

inside the vehicle on the windshield and 

pointing to the front. Another camera was 

placed on the right back door pointing to the 

right road shoulder. The third camera was on 

the left back door pointing to the left road 

markers. Also, an analogic trigger was mounted 

to make the later analysis easier. 

The route went through 12 countries and 

took around 11,500km. The countries 

investigated were: Spain, France, Belgium, the 

Netherlands, Germany, Denmark, Sweden, 

Norway, Czech Republic, Austria, Italy and 

Switzerland. The driving started on February 

3
rd

 and ended on March 3
rd

, 2016. Figure 7 

shows the route on the European map.  

 

 
Figure 7.  The route used in drive-and-record 

method in Europe. 

 

The analysis was conducted using the 

images recorded when the driver pressed the 

button. The driver pressed the button when he 

thought the scene was relevant to this research. 

The following points were investigated for each 

point: road type, right road shoulder’s width, 

visibility of lane markings, road edge ’s clarity 

for camera recognition, right/left lane marking 

types, lane width, type of road edge, and curve 

radius. The road edge type was classified into 

curb, grass, wall, hill, snow, tree, soil, asphalt,  

guardrail and rigid barrier. Figure 8 is the 

example of the analyzed scene.  

 
Figure 8.  Example of road edge analysis using 

drive-and-record method. 

 

RESULTS 

 

The results from the US and Europe 

investigation are explained in this section.  

 

Results from US Investigation 

Figure 9 shows the types of roads where 

road edges were extracted. This is based on 

44,000 locations made by stratification 

sampling. It is understood that the road types 

are well balanced due to stratification 

sampling. 

 

 
Figure 9.  Types of roads from stratified samples 

in the US. 

 

Figure 10 shows in mile percentages the 

types of roads where Google Street View 

images were analyzed. As described in the 

previous section, only 24,762 locations were 

used for this analysis. In general, Google Street 

View images can be obtained in urban or 

suburban areas. That is why, the road type 

“Local Neighborhood of Road, Rural Road, 

City Street” accounts for most of the miles, 

73.8%. These 24,762 locations represent a total 

mile percentage of 36.82% out of 44,000 

locations. 

Figure 11 shows types of road edges from 
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Google Street View samples in mile 

percentages. The most common road edge type, 

which accounts for 55.5%, is grass. The second 

most common road edge type, which accounts 

for 25.2%, is curb. A combined total of these 

two accounts for 80.7%. 

 

 
Figure 10.  Types of roads from Google Street 

View samples in mile percentages in the US. 

 

 
Figure 11.  Types of road edges from Google 

Street View samples in mile percentages in the US. 

 

On the other hand, Figure 12 shows in car-

mile percentages the types of roads where 

Google Street View images were analyzed. The 

difference from the previous graph is that each 

location was weighted factoring in traffic 

density, AADT. This method substantially 

increased the proportions of primary and 

secondary roads. Since traffic is dense on high-

level roads generally, this result is 

understandable. 

Figure 13 shows types of road edges from 

Google Street View samples in car-mile 

percentages. The most common road edge type, 

which accounts for 48.8%, is grass. The second 

most common road edge type, which accounts 

for 22.2%, is vertical boundary. The third most 

common road edge, which accounts for 20.1%, 

is curb. The traffic density significantly affects 

the vertical boundary such as concrete divider, 

wall and metal guardrail. The proportion of 

vertical boundary is increased from 6.7% to 

22.2%. This might be because vertical 

boundaries are seen mainly on high traffic 

roads such as interstates roads.  

 

 
Figure 12.  Types of roads from Google Street 

View samples in car-mile percentages in the US. 

 

 
Figure 13.  Types of road edges from Google 

Street View samples in car-mile percentages in 

the US. 

 

From Figure 11 and Figure 13, it is 

understood that grass and curbs are the most 

important road edge types in the US that should 

be detected and avoided by LSS systems. Also, 

vertical boundaries might have to be taken into 

account. These results, however, are just based 

on Google Street View samples that can be 

obtained mainly in urban or suburban areas.  

Therefore, it should be considered that this 

result might not cover all the road conditions in 

the US. 

 

Results from Europe Investigation 

Firstly, the results from the Google Street 

View analysis are explained. Figure 14 shows 

the types of roads where road edges were 
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extracted. The road type consists of 46.8% of 

highway, 45.4% of main road, 4.7% of rural 

road and 3.2% of urban road. 

Figure 15 shows the types of road edges. 

The most common type of road edges, which 

accounts for 31.6%, is grass, and the second 

most common type of road edges, which 

accounts for 26.1%, is guardrails. From this 

result, it is understood that grass and guardrails 

are the most important road edges that should be 

detected and avoided by LSS systems. Another 

important point is that grass areas do not prevent 

vehicles from road departures. Therefore, grass 

might be the most important road edges for LSS 

systems. 

 

 
Figure 14.  Types of roads in Google Street View 

analysis in Europe. 

 

 
Figure 15.  Types of road edges in Google Street 

View analysis in Europe. 

 

For further analysis, the proportion of 

grass to all the road edges was analyzed for 

each country. Romania, Croatia and Slovakia 

were excluded from this analysis because the 

numbers of their samples were too small to 

analyze. Figure 16 shows the result, which 

explains that the Netherlands and the United 

Kingdom comprise over 50% of grass as the 

road edge, whereas countries such as Bulgaria, 

France, Italy, Norway, Spain and Switzerland 

relatively do not have a large proportion of 

grass. 

On the other hand, Figure 17 shows the 

proportion of guardrails as the road edges. Italy 

and Spain comprise over 40% of guardrails as 

the road edge. Generally speaking, the 

countries that do not have a large proportion of 

grass have a large proportion of guardrails.  

 

 
Figure 16.  The proportion of grass as the road 

edge in Europe. 

 

 
Figure 17.  The proportion of guardrails as the 

road edge in Europe. 

 

Figure 18 shows a combined proportion of 

grass and guardrails to all the road edges in 

each country. Interesting finding is that most of 

the countries have over 50% of road edges as 

grass or guardrails. Hence, those two types 

should be prioritized for road edge detection of 

LSS systems. 

 

 
Figure 18.  The combined proportion of grass and 

guardrails as the road edge in Europe. 

 

Figure 19 shows road edge’s clarity, which 

is an important factor for camera recognition.  

63.9% of the road edges are clear. From this 

result, it is understood that road edges on 

European roads mostly have clear edges. This 

result implies that LSS systems could cover 

most of the road edges on European roads if it 

can detect clear edges. 

Secondly, the results from the drive-and-

record method are explained. Since road edges 

were extracted at the timings when the driver 
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pressed the button, the next statistics is not 

referred to as the average road edges that are 

found on European roads. The aim of this 

activity is to analyze the details of road edges 

that can be found along the European roads.  

 

 
Figure 19.  Road edge’s clarity in Google Street 

View analysis in Europe. 

 

Figure 20 shows the types of roads where 

road edges were extracted. The road type 

consists of 50.56% of highway, 30.73% of main 

road and 18.71% of rural road. 

 

 
Figure 20.  Types of roads in drive-and-record 

method in Europe. 

 

Figure 21 shows the types of road edges. 

Guardrails and grass are main types of road 

edges that were found in this activity. The 

findings from this analysis are described below. 

Guardrails are the principal object used as road 

edges for highways. Sometimes, the vegetation, 

basically grass, is close to the guardrails. In 

tunnels and bridges, curbs and walls are the  

common road edges. 

On main and rural roads, the main 

scenario is two-way roads consisting of narrow 

lanes. Guardrails are not very common, except 

for mountain roads or newly constructed roads.  

Figure 22 shows road edge’s clarity, which 

is an important factor for camera recognition. 

From this result, it is understood that road 

edges on European roads mostly have clear 

edges. For highways, the clarity of road edges 

for camera recognition was mostly perceived as 

clear, except for cases where the light 

conditions were not favorable. On main and 

rural roads, the main road edge is vegetation; 

grass and bush might establish the road limits 

and this sometimes makes the road edge 

recognition difficult. In country like Sweden, 

snow and ice are also relevant road edge types. 

When the snow is dirty, it is difficult to 

determine where the limits of the roads are, as 

it has a black color similar to the road ’s color. 

 

 
Figure 21.  Types of road edges in drive-and-

record method in Europe. 

 

 
Figure 22.  Road edge’s clarity in drive-and-

record method in Europe. 

 

From the aforementioned results, it seems 

there are two very different scenarios. The one 

is on highways wide and straight roads where 

the road edges are normally recognizable and 

the right road shoulder is wide. Also the 

visibility of road edges is good. The other is on 

rural roads narrow roads with vegetation on the 

sides with neither right line markers nor road 

shoulder. The two scenarios are found in all the 

countries. 

 

CONCLUSION 

 

In this paper, road edge types that should 

be detected and avoided by LSS systems are 

investigated and analyzed. In both US and 

Europe, grass is the most important road edge  

type. In addition, road edges that might have to 
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be taken into account are curbs, and vertical 

boundaries in the US, and guardrails in Europe. 

Further analysis such as road edge 

characteristics for LSS sensors and road edges 

found in departure crashes might be interesting 

for future research. Also, establishing road 

edge test environments for LSS systems should 

be challenging yet important research.  
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ABSTRACT 
 
Identifying the pedestrian position correctly is a challenging but crucial topic in the area of automatic driving. 
It is also an arising research focus that needs using the latest big data and data science techniques.  In this 
paper, a hierarchical clustering (HCA) statistics learning algorithm has been applied to determine the location 
and amount of pedestrians detected by different vehicles. The vehicles have been equipped with a Pedestrian 
Autonomous Emergency Braking (PAEB) system. The inherent inaccuracy of the pedestrian sensing from 
these vehicles has been taken into consideration.  It is found that the HCA method can generate robust results, 
since the proposed HCA structure also takes the vehicle ID information as additional block information 
between signals into the calculation. The HCA method determines the possible number of actual pedestrians 
by grouping the nearby pedestrians who are sensed and broadcasted by different vehicles. The simulation 
results have confirmed the effectiveness and applicability of the proposed HCA method. It is believed that the 
results using the HCA method can provide realistic information for vehicle PAEB systems to make better 
decisions to avoid crashing into pedestrians. 
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INTRODUCTION 

As many automobile companies have announced the 
incorporation of  Autonomous Emergency Braking 
(AEB) into their automobiles, pedestrian recognition 
systems based on onboard vehicle sensors, such as 
radar, camera, LiDAR, etc., have been installed on 
more vehicles. If a vehicle can send its sensor 
detected pedestrian information to nearby vehicles 
through the Vehicle-to-Vehicle (V2V) 
communication network, receiving vehicles may be 
able to use this information as early pedestrian 
detection and the chance of crashes will be reduced.  
 
The V2V communication based on DSRC (Discrete 
Short Range Communication) technology has been 
studied extensively [1,3]. Many efforts have been 
made to use this technology to improve the road 
safety. Meanwhile, there also have been 
developments in Pedestrian Autonomous Emergency 
Braking (PAEB) technology, which can provide 
autonomous braking when there is an eminent frontal 
crash to a vehicle, pedestrian, or bicyclist if the driver 
fails to apply braking or applies insufficient braking 
[2,3]. The PAEB system uses radar, camera, and 
LiDAR sensors individually or in conjunction with 
one another to detect the presence and the location of 
the object in front of the vehicle [4,5]. For example, 
Premebida et al. [4] proposed a LiDAR and vision-
based approach for pedestrian detection and tracking.  
 
The performance of PAEB system has been improved 
significantly in recent years and been offered as 
standard equipment or an option on many vehicles. It 
is certain that all vehicles will be equipped with V2V 
communication capability and PAEB features in the 
future. There will also be a long period of time during 
which vehicles with and without the PAEB and V2V 
technology will coexist on the road. 
 
If V2V works in conjunction with PAEB, this system 
is referred to V2V-PAEB system. One of the 
problems for this system is that when a subject 
vehicle receives many pedestrian position 
information messages from other vehicles, it does not 
know if each pedestrian reported by one vehicle is the 
same pedestrian reported by other vehicles. 
Therefore, it is necessary to create a method in order 
to accurately determine the actual amount of 
pedestrians. The main goal of this paper is to develop 
an efficient method for accurately identifying the 
exact positions and the amount of pedestrians from 
data provided by multiple vehicles equipped with 
PAEB systems in the V2V communication network 
environment. 
 

There are significant safety benefits when the PAEB 
system is integrated into V2V communication 
systems. The benefits can be achieved by 
empowering every V2V enabled vehicle to make 
PAEB decisions based on the PAEB sensory data 
from other nearby vehicles. Figure 1 shows a 
scenario to demonstrate the usefulness of an 
integrated V2V and PAEB (V2V-PAEB) system. 
When the black car on the right lane is moving 
forward, a pedestrian is crossing the street. The 
pedestrian and the black car cannot see each other 
since their views are obscured by the truck in the 
middle lane. It is possible that the black car may 
collide with the pedestrian since it may be too late for 
the black car to brake after its PAEB system sees the 
pedestrian. In a V2V-PAEB environment, the 
position and the trajectory of the pedestrian can be 
detected by the truck and the car on the left lane. 
Then the pedestrian information can be transmitted 
through the V2V network to the black car on the right 
lane long before the black car can see the pedestrian. 
This enables the black car to use the received 
pedestrian information to make safety decisions 
earlier.  
 

 
Figure 1. The truck obscures the right car and 
the pedestrian. 
 
Figure 2 shows an example of V2V-PAEB 
environment in a busy intersection. Curved lines 
connecting cars represent the V2V communication. 
The key for the successful operation of the 
collaborated V2V-PAEB includes (1) each vehicle 
broadcasts its own PAEB detected pedestrians’ 
information and receives pedestrian information from 
nearby vehicles through the V2V network, and (2) be 
able to extract location and trajectory information of 
pedestrians accurately from the V2V messages from 
many different sources.  
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Figure 2. V2V-PAEB environment in a busy 
intersection.  
 
Figure 3 shows an information extraction process of 
the V2V-PAEB system. The goal of the pedestrian 
identification is to develop an algorithm that enables 
each V2V enabled vehicle to construct pedestrians’ 
locations and trajectory information accurately from 
the pedestrian information sent from several nearby 
V2V-PAEB enabled vehicles. 
 

 
Figure 3. V2V-PAEB pedestrian safety decision-
making process. 
 
The work described in this paper is built on the prior 
V2V-PAEB research effort described in [6]. Figure 4 
shows the architecture of the V2V-PAEB system 
described in [6]. The architecture assumes that V2V 
enabled vehicles can broadcast their PAEB system 
detected pedestrian position information as a V2V 
message, and can receive pedestrian position V2V 
messages broadcasted from other nearby vehicles. 
Each vehicle makes safety decisions 
(warning/braking) by predicting potential collisions 
based on the pedestrians’ locations obtained from its 
own PAEB system and received V2V messages. 
 
The flowchart in Figure 4 shows the necessary 
subtasks to make the V2V-PAEB system work. Each 
block in Figure 4 represents a specific problem that 
needs to be addressed in order to make the V2V-
PAEB system function properly. One specific block,  
 

 
Figure 4. V2V-PAEB system proposed in [6]. 
 
“Pedestrian Information Merge”, presents an 
interesting problem. When  pedestrians and  
vehicles are in a small area, each vehicle can 
potentially see 0 to  pedestrians and can broadcast 
detected pedestrian positions through the V2V 
network. Due to the errors introduced by the 
inaccuracy of a vehicle’s GPS and PAEB sensors, 
different vehicles may generate different pedestrian 
locations for the same pedestrian. There is a high 
possibility that ×  pedestrian positions are 
broadcasted in the V2V network. Assuming that each 
pedestrian is seen by at least one vehicle, and each 
vehicle does not necessarily see all pedestrians, how 
to determine the location of  pedestrians from V2V 
messages by  vehicles is a major issue raised but 
not solved [6]. This paper describes a method for the 
block “Pedestrian Information merge”. The method 
enables each V2V-PAEB enabled vehicle to 
construct pedestrians’ location information accurately 
from the pedestrians’ information received from 
nearby vehicles. 
 
In order to extract real pedestrian information in a 
large set of PAEB messages in the V2V network, the 
nature of the errors in the data need to be 
investigated. Wang, T. et al. [7] described human 
tracking using Delphi ESR-Vision Fusion in complex 
environments. A radar-vision fusion system has been 
built utilizing a 77GHz 2D Delphi Electronically 
Scanning Radar (ESR) and a CCD camera. The radar 
error distribution results has been explained. A 
simple uniform error distribution will be taken into 
consideration in the experiments of this paper.  
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Based on our best knowledge, there is no published 
work on data fusion (reconstructing pedestrians from 
PAEB information) in a V2V network provided from 
multiple vehicles. This paper attempts to develop a 
data fusion (pedestrians’ signal reconstruction 
/clustering) algorithm to address this problem.  
 
This paper is organized in three parts. Section II 
describes the problem formulation of pedestrian 
position detection and  broadcast between vehicles. 
In Section III, an algorithm is proposed to cluster 
pedestrian information from different vehicles, find 
the approximate number of pedestrians, and draw the 
safe region. Simulation and conclusions are given in 
Section IV. 
 
PROBLEM FORMULATION  
Figure 5 shows a scenario at a road intersection, 
while vehicles and pedestrains are going across the 
intersection at the same time. In this scenario, there 
exist four vehicles (A, B, C, and D) and five 
pedestrians (1, 2, 3, 4, and 5).  
 

 

Figure 5.  A road intersection scenario. 
 
 
In our study, a sensor (camera, radar or Lidar) is 
installed in front of the vehicle. Due to the limitation 
of sensor’s viewing angle, only the pedestrian within 
the detention area could be detected.  
 
The pedestrians detection results are shown in Table 
1. Pedestrian 1 is inside of the sensing area of vehicle 
A and B. As a result, it is detected by these two 
vehicles. Pedestrian 2 is detected four times by 
vehicles A, B, C and D. Pedestrian 3 is blocked from 
vehicle C’s view by vehicle B. Therefore, pedestrian 
3 is detected three times by vehicle A, B and D. 
Pedestrian 4 is outside of the sensing area of vehicle 
B, it can be detected three times by vehicle A, C and 
D. Pedestrian 5 is outside of the sensing area of 
vehicle B and D, it can be detected twice by vehicle 
A and C. 

 
Table 1. 

Pedestrians detected by Vehicles 
 

Vehicle ID Pedestrian ID 
A            2 ,3 ,4 ,5 
B            1 ,2 ,3 
C            1 ,4 ,5 
D 2, 3, 4 

 
Because of the inevitable error of GPS and Detection 
sensor, the position signal for the same person varies. 
One pedestrian may cause multiple siginal during the 
detecting process.  
 
Figure 6 represents the pedestrian positions from the 
view of vehicle A, which means we take the position 
of vehicle A as the original point (0, 0). The red spot 
indicates the pedestrian position signal. The numbers 
1 to 5 indicate the pedestrian’s true position.  
Although there are only five pedestrians, each 
pedestrian is detected multiple times. As a result, 
there exists a total number of 13 points in Figure 6 
instead of 5. The available information including the 
location of each signal in X and Y axis and also the 
vehicle ID information indicateing where the signal 
comes from. The signal information is presented in 
Table 2. 
 

 
 
Figure 6.  Pedestrian position signal.  
 
 
Knowing the position and vehicle ID, our goal is to 
figure out which signal belongs to which person and 
draw a safe region that is large enough to cover the 
person’s true position. 
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  Table 2. 
Pedestrian Signals 

 
Signal ID Vehicle ID Position 

in X 
Position 
in Y 

1          A 33.719  23 
2       A 36.469  20.688 
3            A 37.5 15.625 
4 A 20.469  4.875 
5 B 6.406  25.75 
6 B 32.906  22.188 
7        B 37.656  22.438 
8   C 9.219  24
9           C 36.469  14.688 
10 C 21.469  3.906 
11 D 34.406  21.75 
12 D 37.5  20
13 D 39 14.688 

 
Retrieving the pedestrian ID could be considered as 
clustering points into distinct groups. Finding the safe 
region for each group could be formulated as drawing 
the confidence region for each cluster. Hence, the 
pedestrian detection problem could be studied as a 
combination of clustering and confidence region. 
 

PEDESTRIAN DETECTION APPROACH 

Clustering Algorithm 
Cluster algorithm is an important part of 
unsupervised learning. It is widely applied in 
machine learning and data mining areas. As the 
algorithm is unsupervised, which means no label is 
assigned to the data. Clustering means the separate 
data into groups or clusters that the data are similar 
inside the group but dissimilar between each group. 
There are different types of clustering algorithms, 
including K-mean clustering algorithm, Gaussian 
mixture model, Latent Dirichlet allocation, and 
hierarchical clustering [8]. 
 
In this paper, hierarchical clustering is chosen for 
implementation mainly for two reasons. First of all, 
among other clustering algorithms, such as K-mean 
clustering algorithm or Gaussian mixture model, the 
number of clusters has to be picked beforehand. 
However, for our problem the true number of 
pedestrians is not known. In the contrast, it is the 
answer we would like to find out by using the signal 
data. Thus, these types of algorithm do not fit our 
problem well. The second reason is comparing with 
K-mean or Gaussian mixture model, the hierarchical 
clustering is more powerful in cope with more 
complex shapes. In this study, no presumption is 

assigned for the shape.  So hierarchical could be an 
algorithm fit for our problem. 
 
The hierarchical clustering algorithm is an algorithm 
that produces a sequence of nested clusters. There are 
two general ways to implement hierarchical 
clustering algorithms, one is the agglomerative 
method, and the other is the divisive method.  The 
divisive method is a top-down approach. It starts with 
all data in one big group, then recursively splits until 
each point lies in one individual cluster or a stop 
criterion is met. The agglomerative method, on the 
other hand, is a bottom-up approach. In this 
approach, each data point is initialized in its own 
cluster, and then clusters are merged until all points 
fall into one large cluster . 
 
The key step of the either divisive approach or the 
agglomerative approach is how to calculate the 
proximity between two clusters. The most common 
way of defining proximity including the single link, 
complete link, average link, ward’s method, and 
centroid method.  Single link method uses the 
minimum of the distance between the points in the 
different clusters. Complete link method uses the 
maximum of the distance between the points in the 
different clusters. The average link proximity 
between two clusters is determined by the average of 
the pairwise proximities between all pairs of points. 
The proximity for ward’s method is defined as the 
increase in the squared error that results when two 
clusters are merged. In this paper, the ward’s 
algorithm is chosen because the ward's proximity 
provides the approach of cluster analysis that focuses 
on the analysis of variance. For this type of proximity 
measurement, the agglomerative approach is applied 
for implementing the hierarchical clustering 
algorithm [9].  
 
There are multiple approaches for measuring the 
distance of quantitative variables. In this paper, 
Euclidean distance is chosen to measure the 
similarity between each signal as it is the most 
common way to measure the physical distance in the 
Cartesian coordinates. 
For distance between signal is and js  with position 

( ),i ix y  and ( ),j jx y , the Euclidean distance is 

calculated as 
 

( ) ( )2 2

ij i j i jd x x y y= − + −       (Equation 1) 

 
Vehicle ID Information Implementation 
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Besides of the position information, we also have the 
vehicle ID information within the signal. The vehicle 
ID information tells us where the signal comes from. 
This type of information could be used to prevent the 
clustering algorithm from grouping points from same 

vehicle ID. For example, A
is  and A

js cannot be 

merged as one group. Because they should be signals 

from different persons. However,  A
is  and B

js  may 

put into the same group as they might be signals from 
the same person but detected by multiple vehicles. In 
order to avoid signals with same vehicle ID grouping 
together, a relative large distance is assigned so that 
they would be less likely to merge.  
 
Safe Region 
The concept of multivariate analysis is applied to 
draw the safe region. After cutting the dendrogram, 
points are assigned into a number of groups. 

Assuming in group k , we have n points 1X , 2X , 

... , nX . These points are considered to be a random 

sample from a ( ),pN μ Σ  population. The 

confidence region for the mean, μ , of a p -
dimensional normal population is available from 

( ) ( ) ( )
( ) ( )1

,

1
p n p

n p
P n X S X F

n p
α μ μ α−

−

⎡ ⎤−′= − − >⎢ ⎥−⎣ ⎦
 

(Equation 2) [10] 

where  

1

1 n

j
j

X X
n =

= ∑   (Equation 3) [10]  

( )( )
1

1

1

n

j j
j

S X X X X
n =

′= − −
− ∑  

(Equation 4) [10] 
 
In our case, we have 2p =  as we are dealing with 

signal in x  and y  direction [10]. 
 
So the ( )100 1 %α−  confidence region for the mean 

of a 2-dimensional normal distribution is the ellipsoid 
determined by all μ such that 

 

( ) ( ) ( )
( ) ( )1 2

,

1
p n p

n p
n X S X c F

n p
μ μ α−

−

−′− − ≤ =
−

 

(Equation 5) [10] 

From the symmetric 2 by 2 matrix S , we have the 

eigenvalue 1λ  and 2λ  with its corresponding 

eigenvector 1e  and 2e . With the center of X the 

axis of the confidence region are  

( )
( ) ( )1 2, 2 1

2 1

2 n

n
F e

n n
λ α−

−
−

 and 

( )
( ) ( )2 2, 2 2

2 1

2 n

n
F e

n n
λ α−

−
−

. 

By choosing the significant level α , there are 

( )100 1 %α−  that the true mean lies in confidence 

region.  Usually, it is chosen to be 5% [11]. 
 
Proposed Pedestrian Detection Algorithm 
The flowchart of pedestrian detection algorithm is 
shown in Figure 8. 

Initialization

Calculate distance 
matrix

Apply vehicle ID 
information

Merge the two closest 
clusters 

All in one cluster

Cut the dendrogram

Assign points into each 
cluster

Draw confidence region 
for each cluster

Y

N

 

Figure 8.  Flowchart of pedestrian detection 
algorithm.  
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The algorhm has 8 steps as follows: 

1. Initialize each point to be its own cluster 
2. Calculate Euclidean distance between each 

cluster 
3. Assign large distance between same vehicle ID 

by using the maximum distance 
4. Merge the two closest clusters by using ward’s 

method 
5. Repeat step 4 until all points are inside one 

cluster 
6. Choose a distance D to cut the dendrogram 
7. Group points into each cluster, by using the 

cutting result from step 6 
8. Draw confidence region for each cluster 

SIMULATION AND DISCUSSIONS 

One Case Simulation 
In the one case simulation, we have 8 pedestrians 
with pedestrian ID a, b, c, d, e, f, g, h and 10 vehicles 
with vehicle ID A, B, C, D, E, F, G, H, I, J. The 
maximum spread range from the detected position to 
true position is set to 2.  
 
Figure 9 shows a sample case of the simulation with 
pedestrian ID information. The large red spots 
indicate the true pedestrian position. The colored 
small spots indicate the Pedestrian ID. As can be seen 
from the plot, the shape of each point group varies for 
each pedestrian. Some positions may overlap with 
each other. For example, the position signals of 

pedestrian ‘a’ and ‘e’ are overlapped. This type of 
overlapping usually brings extra difficulty in 
distinguishes each group. 

Figure 10 represents the same simulation case as 
Figure 9 but with the vehicle ID information. The 
large red spots still indicate the true pedestrian 
position. The different shapes indicate the Pedestrian 
ID. It is found that each pedestrian is detected 10 
times by 10 vehicles. 
 

 

Figure 9.  Pedestrian position plot with 
pedestrian ID. 
  
 
As a result, a total of 80 signals are obtained. By 
calculating the Euclidean distance between each 
signal, we will have an 80 by 80 distance matrix. 
Table 3 shows a part of the original distance matrix 
with column 1 to 10 and column 11, 21, 31, 41, 51, 

Table 3. 
Original distance matrix 

 

1 2 3 4 5 6 7 8 9 10 11 21 31 41 51 61 71

0.00 1.84 3.68 1.33 2.07 3.10 1.94 2.47 3.72 2.94 10.11 8.01 14.83 2.84 12.98 13.41 7.55

1.84 0.00 3.13 0.87 0.46 3.24 1.43 3.55 3.40 2.68 11.36 8.78 14.57 3.43 12.36 12.02 7.21

3.68 3.13 0.00 2.65 2.71 1.27 1.86 2.92 0.48 0.81 13.76 11.63 17.68 2.05 15.37 14.31 10.32

1.33 0.87 2.65 0.00 0.85 2.49 0.79 2.68 2.82 2.04 11.33 9.00 15.22 2.58 13.11 12.90 7.86

2.07 0.46 2.71 0.85 0.00 2.93 1.13 3.45 3.01 2.32 11.79 9.24 14.97 3.20 12.72 12.19 7.62

3.10 3.24 1.27 2.49 2.93 0.00 1.81 1.69 0.94 0.75 12.94 11.10 17.70 0.78 15.58 15.02 10.34

1.94 1.43 1.86 0.79 1.13 1.81 0.00 2.44 2.04 1.27 12.03 9.78 15.96 2.08 13.79 13.31 8.60

2.47 3.55 2.92 2.68 3.45 1.69 2.44 0.00 2.63 2.19 11.55 10.05 17.27 0.93 15.44 15.57 10.02

3.72 3.40 0.48 2.82 3.01 0.94 2.04 2.63 0.00 0.79 13.73 11.72 17.97 1.72 15.71 14.76 10.61

2.94 2.68 0.81 2.04 2.32 0.75 1.27 2.19 0.79 0.00 12.98 10.93 17.23 1.41 15.03 14.31 9.87
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61 and 71. The numbers in this table is the original 
computed pairwise distance. 
 
For each vehicle, it detected all eight pedestrians.  As 
for vehicle A, it generates eight signals from Aa to 
Ah. The pairwise distance between Aa and other 
seven signals from vehicle A matched the column 11, 
21, 31, 41, 51, 61, and 71 in the distance matrix. 
Vehicle ID information is used for preventing Aa of 
merge with signal Ab to Ah. A proportion of 
maximum distance is assigned to the distance from 
Aa to Ab, Ac, …, and Ah. The updated distance  
matrix is shown in Table 4. The red part is assign 
larger values than previous. We keep assigning large 
distance through the entire matrix for all ten vehicles. 
The proportion is decided by a block coefficient 
which will be discussed in the next section. 
 

 

Figure 10.  Pedestrian position plot with vehicle 
ID.  
 
By combining each point from bottom to up, a 

dendrogram is created as shown in Figure 11. 

 

Figure 11.  Dendrogram by hierarchal clustering.  
 
 
Within the dendrogram, the X  axis shows all the 
data points, the Y  axis shows distance between each 
pair of clusters. After cutting the tree along the red 
line, we will have 8 clusters. The cut height is 
decided by the proportion of the maximum distance. 
The scale rate is given by the cut parameter. The 
grouping result is shown in Table 5. 
 

Table 5. 
Grouping result 

 
Cluster 
number 

1 2 3 4 5 6 7 8 

Number 
of 
points 

8 12 10 10 10 10 10 10 

 
From the grouping result, it is noticed that group 3 to 
group 8 perfectly retrieve the pedestrian signals. 

Table 4. 

Updated 2 3 4 5 6 7 8 9 10 11 21 31 41 51 61 71

0.00 1.84 3.68 1.33 2.07 3.10 1.94 2.47 3.72 2.94 31.18 31.18 31.18 31.18 31.18 31.18 31.18

1.84 0.00 3.13 0.87 0.46 3.24 1.43 3.55 3.40 2.68 11.36 8.78 14.57 3.43 12.36 12.02 7.21

3.68 3.13 0.00 2.65 2.71 1.27 1.86 2.92 0.48 0.81 13.76 11.63 17.68 2.05 15.37 14.31 10.32

1.33 0.87 2.65 0.00 0.85 2.49 0.79 2.68 2.82 2.04 11.33 9.00 15.22 2.58 13.11 12.90 7.86

2.07 0.46 2.71 0.85 0.00 2.93 1.13 3.45 3.01 2.32 11.79 9.24 14.97 3.20 12.72 12.19 7.62

3.10 3.24 1.27 2.49 2.93 0.00 1.81 1.69 0.94 0.75 12.94 11.10 17.70 0.78 15.58 15.02 10.34

1.94 1.43 1.86 0.79 1.13 1.81 0.00 2.44 2.04 1.27 12.03 9.78 15.96 2.08 13.79 13.31 8.60

2.47 3.55 2.92 2.68 3.45 1.69 2.44 0.00 2.63 2.19 11.55 10.05 17.27 0.93 15.44 15.57 10.02

3.72 3.40 0.48 2.82 3.01 0.94 2.04 2.63 0.00 0.79 13.73 11.72 17.97 1.72 15.71 14.76 10.61

2.94 2.68 0.81 2.04 2.32 0.75 1.27 2.19 0.79 0.00 12.98 10.93 17.23 1.41 15.03 14.31 9.87
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However, for group 1 and group 2, 2 points from 
pedestrian 1 are mistakenly assigned to pedestrian 2 
(group 2). This type of error is tolerable, as we are 
more focusing on whether or not the safe region will 
cover the person’s true position.  
 
The safe region is present in Figure 12. In the figure, 
it can been seen that even though group 1 and group 
2 have signals misassignment, the safe region still 
covers the pedestrian’s true position. The centers of 
the group 1 and 2 are quite close to their real 
position.  For group 3 in the left bottom, though we 
exactly retrieve all its signals, the group center is 
relative far away from the pedestrian’s true position, 
due to the high variance of the signals. However, the 
confidence region is still able to cover the original 
position. 
 

 

Figure 12.  Safe region plot.  
 
Multiple Cases Simulation 
By choosing different proportion of block parameter 
and cut parameter, the clustering algorithm would 
have different accuracy rate. In this simulation, each 
case is simulated 1000 times to test the accuracy rate. 
True position inside the ellipsoid is considered to be 
passing. If true position lies out of the safe region, the 
case is considered to be failure. The simulation 
results with different parameters are presented in 
Figure 13. The best average accuracy we get within 
all 441 cases 1000 simulation is 99.4%. 
 

 
Figure 13.  Three dimensional plot Accuracy 
Rate.  
 
Figure 14 provides the contour plot of the accuracy 
rate with the combination of cut coefficient and block 
coefficient.  It projects the 3 dimensional information 
of Figure 13 into a 2 dimensional space. The brighter 
color represents the high accuracy. The white part 
covers the accuracy beyond 95%. The green color 
represents relative low accuracy. Low accuracy 
region is in the up-left corner and lower-right corner 
of the Figure 14. From Figure 14, it is also found that 
the pedestrian detection algorithm is able to achieve a 
high accuracy above 95 % (the white part) by 
choosing a proper block coefficient. As we can see 
that the white region becomes wider as block 
coefficient grows. We conclude that larger block 
coefficient leads to higher likelihood of accuracy if 
we choose the range between 0.48 and 0.68. 

 
Figure 14.  Contour plot Accuracy Rate.  
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Conclusions 
As PAEB and V2V technologies are becoming 
mature, sending PAEB detected pedestrian 
information to the V2V network provides a potential 
benefit to make safety decisions earlier and more 
effective. This paper has provided a solution for a 
specific pedestrian data fusion problem in the V2V-
PAEB system by using hierarchical clustering 
algorithm to provide the safe region. A hierarchical 
clustering algorithm is proposed by using position 
and vehicle ID information. This method provides an 
approach of cutting the dendorgram by using a 
proportion of the maximum Euclidean distance. The 
results ensure a subject vehicle to approximate the 
number of pedestrians and their estimated locations 
from a large number of pedestrian alert messages by 
many nearby vehicles through the V2V network and 
the subject vehicle itself. The simulation results have 
demonstrated the effectiveness and applicability of 
the proposed method. 
 
This result can be useful for PAEB system to make 
the warning/braking decisions earlier and hence, 
improve its pedestrian safety performance. The same 
idea can be applied to other objects (such as 
bicyclists) on the road. 
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ABSTRACT 
 
Although the focus in the field of vulnerable road user safety has been on pedestrian safety so far, accident data 
shows a high relevance for cyclist-passenger car collisions as well. On the basis of an extensive simulation study 
the accident kinematics of cyclists is investigated for different vehicle classes in order to assess the effectiveness 
of existing passive safety measures, such as an active bonnet, a pedestrian or an extended cyclist windscreen 
airbag. Furthermore, the benefit of a reduced impact speed is analyzed in order to also consider the potential of 
autonomous emergency brake systems. 
 
The assessment is done with the help of a specially developed procedure, which allows a vehicle-specific 
effectiveness measurement of passive and active safety measures for both pedestrians and cyclists. Six 
representative vehicle front geometries and four cyclist heights are considered within the kinematics analysis, 
reaching from a 6-year-old child to a 95%-male. Each cyclist model consists of a size-specific bicycle model 
and the corresponding MADYMO Ellipsoid Pedestrian Model placed on top. The simulation models and 
parameters are validated by reconstruction of a real accident taken from the GIDAS database. Two 
representative lateral accident constellations are defined together with four pedal positions. The speed of the 
cyclist always amounts to 15 km/h. The pedestrian kinematics analysis is based on simulations with comparable 
impact constellations as well as equal vehicle speeds. 
 
An in-depth analysis shows that further rearwards located head impact positions constitute a fundamental 
characteristic of cyclist-passenger car frontal collisions compared to pedestrian frontal collisions. This is 
confirmed by the simulation results, where the cyclist head impact positions can reach up to the roof leading 
edge and in case of sports cars even beyond. Furthermore, the simulations show high values for head impact 
velocity as well as angle. The cyclist head impact velocities usually lie above the collision speed, which limits 
the benefit of purely design-related measures. 
 
In order to study the cyclist accident kinematics in a lateral impact under real test conditions, full scale tests with 
a Polar-II dummy positioned on a moving bicycle (15 km/h) are conducted with different vehicle speeds (40, 30 
& 20 km/h). Overall, the tests show a good correlation with the simulations and illustrate the safety potential of 
a collision speed reduction. Conspicuous are the loads measured for the secondary head impact, which are much 
higher compared to the primary impact, even for low vehicle speeds. 
 
The results obtained from the assessment procedure reveal that cyclists are often not addressed by an active 
bonnet, whereas an additional airbag is able to reduce the head injury risk significantly. But it has to cover the 
whole A-pillar in order to be really effective. A reduction of impact speed is most beneficial - this is equally 
valid for all vehicle front categories, both for cyclists and for pedestrians as well as for adults and children. 
Additionally, there is a positive effect on the secondary impact. 
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INTRODUCTION 

Although the focus in the field of vulnerable road 
user (VRU) safety has been on pedestrian safety so 
far, accident data shows a high relevance for 
cyclist-passenger car collisions as well. 
 
Accident Analysis 
Cyclist fatalities make up 8.1% of the total number 
of road accident fatalities in 2014 in the EU 
countries. In these countries, 2112 people riding 
bicycles were killed in road accidents in 2014 [1]. 
Figure 1 shows the number of cyclist fatalities and 
the percentage of all road fatalities in the EU 
between 2005 and 2014. In this period there was a 
decrease of 30% in the number of cyclist fatalities 
(pedestrians: -35%). However, since 2010 the 
number of cyclist fatalities is stagnating and the 
percentage of cyclist fatalities of all road fatalities 
increased from 7% in 2005 to 8% in 2014. 
 

 
Source: CARE database, data available in May 2016 

 
Figure 1.  Number of cyclist fatalities & 
percentage of all road fatalities, EU, 2005-2014 or 
latest available year [1]. 
 
The percentage of cyclist fatalities in the total 
number of road accident fatalities is very country-
specific. The EU countries with the highest 
percentage of cyclist fatalities in 2014 were the 
Netherlands (25%), Denmark (16%) and Hungary 
(16%). In contrast, e.g. in Greece, Spain and France 
cyclists constitute only a small part of the road 
accident fatalities [1]. 
 
Cyclists lie clearly ahead of pedestrians regarding 
the number of slightly as well as seriously injured 
road users within the official accident statistics in 
Germany. Although accidents involving cars are 
particularly severe here, cyclists are neither 
considered sufficiently in the legislative nor in the 
consumer ratings tests [2]. On the basis of German 
in-depth data regarding cyclist‐passenger car 
accidents (German In-Depth Accident Study 
(GIDAS), German Insurers Accident Research) 
three representative accident constellations have 
been defined (Figure 2). These are two perpen-
dicular constellations, i.e. with a collision angle of 
90°, as well as another constellation with a cyclist 

orientated obliquely towards the straight driving 
vehicle, which represents two relevant turning 
situations within the analyzed data. This becomes 
apparent by rotation of the whole constellation in 
both directions (Figure 2, lower half). 
 

 
 
Figure 2.  Cyclist test scenarios for simulation & 
testing as a result of the accident analysis [2]. 
 
Furthermore, a closer look is taken at the relevant 
head impact areas as well as the injury severity and 
frequency of individual body regions. But also 
aspects regarding the injury causing vehicle parts 
are regarded in the course of the accident analysis. 
With increasing injury severity the head turns out 
to be by far the most frequently injured body 
region, with the windscreen and here in particular 
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the windscreen frame as the most relevant injury 
causing front area. Injuries of the lower extremities 
as well as the thorax are highly relevant, too. A 
fundamental characteristic of cyclist‐passenger car 
frontal collisions compared to pedestrian frontal 
collisions constitute the oftentimes further 
rearwards located head impact positions. [2] 
 
Research Question 
On the basis of an extensive simulation study the 
accident kinematics of cyclists is investigated for 
different vehicle classes in order to assess the 
effectiveness of existing passive safety measures, 
such as an active bonnet, a pedestrian or an 
extended cyclist windscreen airbag. Furthermore, 
the benefit of a reduced impact speed is analyzed in 
order to also consider the potential of autonomous 
emergency brake systems. 
 
The subsequent assessment is done with the help of 
a specially developed procedure, which allows a 
vehicle-specific effectiveness measurement of 
passive and active safety measures for both 
pedestrians and cyclists. An important 
characteristic of the assessment procedure is its 
modular design, combining structural 
characteristics of a vehicle front with accident 
kinematics and accident research data. The 
procedure uses the results of the Euro NCAP 
pedestrian protection tests of the car to be assessed 
and adapts the HIC values to the real accident 
kinematics of pedestrians and cyclists derived from 
numerical simulations. 

SIMULATION OF VEHICLE-CYCLIST 
ACCIDENT CONSTELLATIONS 

Impact Scenarios & Simulation Models 
The implementation of the cyclist test scenarios 
illustrated in Figure 2 into the integrated 
assessment procedure requires some adaptations 
and restrictions. Only the two perpendicular 
constellations are considered, representing a lateral 
impact of the cyclist in the central and outboard 
area of the car front (Figure 3). The speed of the 
cyclist still amounts to 15 km/h while the initial 
vehicle speed is raised to 40 km/h. Thereby, the 
comparability to the pedestrian safety assessment is 
guaranteed, which is based on similar impact 
constellations describing a pedestrian crossing in 
front of a vehicle driving with a speed of 40 km/h. 
Starting from this base speed, also speed values of 
35, 30 and 20 km/h are considered in order to 
analyze the benefit of a reduced vehicle speed. The 
according simulations are conducted with the 
MADYMO multi-body solver. 
 
On the basis of investigations regarding common 
bicycle sizes, designs and seating positions 
representative bicycle models are built up, reaching 
from a 6-year-old child to a 95%-male (Figure 4). 

 
 
Figure 3.  Cyclist impact constellations for the 
assessment procedure [2]. 
 
Each cyclist model consists of a size-specific 
bicycle model and the corresponding MADYMO 
Ellipsoid Pedestrian Model placed on top. In order 
to sufficiently consider the influence of the cyclist’s 
pedal position on the accident kinematics in total 
four pedal positions (leg facing the vehicle 
backward, forward, up & down) are defined and 
implemented into the simulations (Figure 4). 
 

 
 
Figure 4.  Cyclist models & pedal positions. 
 
The cyclist constellations considered within the 
simulations each result from the four cyclist 
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heights, the four corresponding bicycle models as 
well as the four pedal positions defined for every 
cyclist. 
 
The study comprises six real passenger car fronts, 
all representing different vehicle classes, named 
Compact, Sedan, Van, Sports Car, SUV and 
OneBox. Those classes are based upon a 
categorization, which has been developed to 
consider the different front designs of modern cars 
and their impact on pedestrian accident kinematics 
[3]. For each class a representative real passenger 
car front has been defined and converted into 
MADYMO, i.e. facet surfaces have been generated 
based on the corresponding finite elements. 
Figure 5 shows the front geometries of those class 
representatives. 
 

 
 
Figure 5.  Vehicle models. 
 
For the study no deceleration is applied to the 
vehicle models prior to the primary head impact, 
which on the one hand reflects the large percentage 
of cyclist‐passenger car accidents without braking 
[2] and on the other hand guarantees uniform and 
reproducible boundary conditions for the analysis 
of the primary head impact. A brake dive of the 
vehicle is not considered in the simulations. 
Simulations are stopped right after the primary 
head impact. Passive safety measures primarily 
improve the structural properties within the 
protected area but they usually have an effect on 
the accident kinematics as well. In order to 
generally consider the kinematical influence of an 
active bonnet, additional simulations are conducted. 
Within these simulations, the bonnet of all vehicle 
models is raised by 100 mm at the rear. 
 
The reconstruction of a real accident taken from the 
GIDAS database in order to validate the defined 
simulation parameters, such as contact stiffness 
values and friction coefficients, shows that the 
accident kinematics of a cyclist‐passenger car 

collision can be reproduced realistically by the 
models used in the simulations. This includes the 
impact locations of hip and head as well as the final 
position of the cyclist. Both accident scenario as 
well as accident vehicle correspond well to the 
simulation boundary conditions described above. 
The vehicle is equivalent to the simulation model 
Compact (Figure 5). Regarding the cyclist, the 50th 
percentile male allows a sufficient representation 
within the simulation. 
 
Simulation Results 
Taking also into account the simulations with lifted 
bonnet, in total 960 simulations have been 
conducted within the scope of the cyclist accident 
kinematics analysis. As a result, the cyclist-relevant 
impact areas as well as the corresponding values 
for head impact velocity and head impact angle are 
obtained with regard to the defined vehicle 
velocities. 
 
The simulations show for a large part of the 
constellations an increased head impact area 
compared to the already existing pedestrian results. 
The cyclist head impact positions can reach up to 
the roof leading edge and in case of sports cars 
even beyond. Furthermore, the simulations show 
high average values for head impact velocity and 
angle. In contrast to pedestrians, the cyclist head 
impact velocities usually lie above the collision 
speed, which inevitably limits the benefit of purely 
design-related measures. 
 
Figure 6 illustrates the influence of the collision 
speed on the average head impact velocity for the 
different cyclist as well as vehicle models. 
 

 
 
Figure 6.  Average head impact velocity over 
collision speed for perpendicular impact 
scenarios. 
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A reduced collision speed leads for all vehicle 
models to a forward displacement of the head 
impact locations, i.e. the wrap around distances 
(WAD) of the head impact locations are getting 
shorter with decreasing collision speed. This effect 
is less pronounced for front geometries with a high 
bonnet leading edge, as is the case for the SUV and 
OneBox vehicle. 
 
It becomes apparent that for the bigger cyclist 
models, i.e. the 50th and 95th percentile male, the 
average head impact velocity always lies above the 
collision speed while for the smaller ones this 
depends on the vehicle front geometry. In case of 
the 6-year-old child the sports car is the only 
vehicle where the average head impact velocity 
exceeds the collision speed for all simulations 
conducted. A reason for this is the low front height 
of the sports car which causes a high rotational 
velocity component of the cyclist due to the low 
vehicle-sided contact point. This results in high 
impact velocities for all cyclist models. The 5th 
percentile female shows average head impact 
values equal or above collision speed for 20 and 
30 km/h. Looking at collision speeds of 35 and 
40 km/h, the compact and OneBox vehicle models 
achieve lower average head impact velocities while 
the sedan and sports car models lead for all 
simulations of the 5th percentile female to average 
head impact values above collision speed. 
 
The simulations with vehicle speeds of 40 km/h, 
which is the speed level the Euro NCAP pedestrian 
head impact tests are based on, show very high 
average head impact velocities, especially for the 
50th and 95th percentile male. A look at the 
maximum values stresses the difference in speed 
level compared to the boundary conditions for 
pedestrian protection. The maximum head impact 
velocities are achieved by the 95th percentile male. 
In a collision with the van a value of 66.8 km/h is 
reached, followed by a value of 65.9 km/h in a 
collision with the sedan. This demonstrates that the 
velocity level for a head impact of a cyclist can be 
considerably higher than the existing testing level 
for pedestrian protection. 

POLAR-II DUMMY TESTS 

In order to study the cyclist accident kinematics in 
a lateral impact under real test conditions, different 
full scale tests with a Honda Polar-II dummy 
positioned on a moving bicycle are carried out. For 
this purpose additional simulations with a 
corresponding model of the test vehicle are 
conducted at first. This allows the definition of 
suitable boundary conditions for the particular tests 
and a further validation of the simulation models. 
The full scale test program comprises in total three 
tests with a central perpendicular impact at 
different vehicle speeds. Thereby, vehicle speeds of 

40, 30 & 20 km/h are considered, which have also 
been part of the simulation study. As in the 
simulations, the speed applied to the cyclist dummy 
by the test bench amounts to 15 km/h in all tests. 
The pedal position is consistent as well. In all tests 
the leg facing the vehicle is in down position. 
 
Test with a Vehicle Speed of 40 km/h 
Figure 7 shows the accident kinematics of the 
40 km/h test until primary head impact from three 
different camera angles. The time t = 0 ms marks 
the initial contact between dummy and vehicle. 
 

 
 
Figure 7.  Central perpendicular impact with a 
vehicle speed of 40 km/h. 
 
The head impact on the windscreen, which has 
already been damaged by the previous elbow 
impact, occurs after 140 ms at a wrap around 
distance of about 2200 mm. The calculated head 
impact speed is high and amounts to approximately 
65 km/h. Due to the deceleration of the vehicle 
after the primary head impact, the dummy is 
thrown forwards along the vehicle front. The feet 
and legs hit the ground first, which happens 
directly in front of the decelerating vehicle, 
followed by the upper body and finally the head. 
After a short sliding phase the dummy reaches its 
end position. The longitudinal throw distance of the 
head, which is measured from the point of initial 
impact, is 16 m while the lateral throw distance is 
about 1.1 m. 
 
The analysis of the dummy measurement data 
results in a HIC value of 598 for the primary 
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impact, while the head loading due to the secondary 
impact is significantly higher and amounts to an 
extreme HIC value far exceeding all limits, which 
is caused by a maximum head deceleration of 
1645 g. At primary head impact the maximum head 
deceleration is 125.6 g. Here, the pre-damage of the 
windscreen should have a significant effect. 
 
Test with a Vehicle Speed of 30 km/h 
For a reduction of the vehicle speed by 10 km/h the 
cyclist kinematics are illustrated in Figure 8. 
 

 
 
Figure 8.  Central perpendicular impact with a 
vehicle speed of 30 km/h. 
 
After 181 ms the head hits the windscreen at a wrap 
around distance of 2035 mm with a calculated 
impact velocity of 47.5 km/h. After primary head 
impact the dummy falls along the left fender and 
head light to the ground in front of the decelerating 
vehicle. The lower extremities hit the ground first. 
Subsequently, the dummy lands on his buttocks, 
falls backwards and impacts after 1.42 s with the 
head on the ground. This occurs within the sliding 
phase, which ends at a longitudinal throw distance, 
measured from the head, of about 10.9 m and a 
lateral throw distance of about 2.3 m. 
 
The HIC value at primary head impact amounts to 
178 and turns out to be considerably lower than for 
the previous test. Again it has to be noted, that the 
windscreen is already damaged at the time of head 
impact. The maximum head deceleration is 85 g. 
The head loading due to the secondary impact is 
still high and results in a HIC value of 1906 (amax = 

465 g), which would furthermore receive a red 
rating in a Euro NCAP impactor test.  
 
Test with a Vehicle Speed of 20 km/h 
In the third test the vehicle does not remain in the 
track and moves to the right, so that the first contact 
occurs later than intended. As a result, there is no 
head impact on the vehicle but a direct impact on 
the ground next to the vehicle (Figure 9). However, 
this represents the most unfavorable constellation 
for the cyclist in the course of an accident with a 
low vehicle speed. Furthermore, the simulations 
show anyway a low head impact probability for the 
vehicle front due to the low difference in speed 
between the slow vehicle and the lateral moving 
cyclist. 
 

 
 
Figure 9.  Central perpendicular impact with a 
vehicle speed of 20 km/h. 
 
The dummy measurement data show a maximum 
head deceleration of 442 g, which is slightly below 
the value for the secondary impact in the 30 km/h 
test (465 g). Consequently, a high HIC value of 
1787 is achieved, which still would get a red rating 
in a Euro NCAP impactor test. 
 
Conclusions 
Overall, the tests show a good correlation with the 
simulations carried out in advance and illustrate the 
safety potential of a collision speed reduction for 
the primary head impact. Furthermore, they 
confirm the high head impact velocities within the 
simulations. Figure 10 compares exemplarily the 
30 km/h test with the corresponding simulation. 
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The measured values for head impact time and 
velocity are almost identical. The wrap around 
distance of the head impact position turns out to be 
a little shorter in the simulation. In y-direction the 
head impact locations are again very similar and 
thus the diagonal movement of the cyclist on the 
vehicle front. 
 

 
 
Figure 10.  Comparison of simulation and full 
scale test for a central perpendicular impact with 
a vehicle speed of 30 km/h. 
 
Conspicuous are the loads measured for the 
secondary head impact, which are much higher 
compared to the primary impact, even for low 
vehicle speeds. However, the low values for the 
primary impact are also a consequence of the 
windscreen damage prior to the head contact. 
 
With regard to the assessment procedure described 
in the following, only the primary impact will be 
considered. Although the conducted tests reveal a 
high relevance for the secondary impact, there is no 
evaluation basis in terms of corresponding vehicle-
specific test results, since the secondary impact is 
neither considered in the legislative nor in the 
consumer ratings tests. Furthermore, the simulation 
models are not designed or validated for the 
investigation of the secondary impact. 

ASSESSMENT PROCEDURE 

At the 23rd ESV conference a pedestrian safety 
assessment procedure has been presented [3], 
which allows the integrated assessment of active 
and passive safety measures on one scale for 
children and adults. Meanwhile, the integrated 
assessment procedure has been enhanced in order 
to address cyclists as well. Now the safety potential 
and the effectiveness of active and passive safety 
measures can be assessed and compared for both 
pedestrians and cyclists. The risk of a severe head 
injury serves as assessment criterion. 
 
An important characteristic of the assessment 
procedure is its modular design, combining 
structural characteristics of a vehicle front with 
accident kinematics and accident research data 

(Figure 11). The actual assessment is carried out in 
the modules 4 and 5. The procedure uses the results 
of the Euro NCAP pedestrian protection tests of the 
car to be assessed (module 3) and automatically 
adapts the HIC values to the real accident 
kinematics of pedestrians and cyclists derived from 
numerical simulations (module 2). This also applies 
to kinematical changes caused by a reduced 
collision speed. Kinematics parameters are the head 
impact velocity, angle and probability. 
 

 
 
Figure 11.  Assessment procedure. 
 
The head impact probability defines the relevance 
of the particular wrap-around-distance zones of the 
vehicle front (module 1), which is in the end deci-
sive for the effectiveness of a safety measure. The 
relevance of the respective front zones is dependent 
on both the geometrical boundary conditions, such 
as the height of the bonnet leading edge as well as 
the length and the angle of the bonnet, and the 
pedestrian or cyclist size and its distribution respec-
tively. The pedestrian and cyclist size distributions 
for children and adults used in the course of the cal-
culation of the head impact probabilities are based 
on the GIDAS database and therefore establish a 
direct link to the actual accident situation. 
 
Besides the kinematics parameters of the vehicle 
front, its structural properties form another basis for 
the assessment. These are directly transferred, in 
the form of the results of the Euro NCAP 
pedestrian head impact tests, to the vehicle zoning. 
Within the assessment process the influence of 
possible deployable systems, such as an active 
bonnet or a windscreen airbag, on the structural 
properties as well as the accident kinematics is also 
considered. Head impactor tests with different 
impact angles and speeds have been conducted to 
further validate the adaption of the standardized 
Euro NCAP values to the kinematics parameters. 
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The assessment procedure finally provides index 
values for children and adults, which, depending on 
the collision speed and under consideration of 
relevance and stiffness of the particular vehicle 
fields, indicate the risk for an AIS3+ head injury 
due to the primary impact. For active safety 
systems the reduction in collision speed forms the 
main assessment criterion. Based on index values 
for different vehicle speeds lower than the base 
speed of 40 km/h, the safety potential of 
autonomous emergency brake (AEB) systems can 
be illustrated. 
 
Assessment Results 
In order to assess the effectiveness of pedestrian 
safety measures at the vehicle front with regard to 
cyclists, index values for cyclists are calculated 
using the simulation results presented above 
combined with present Euro NCAP test results per 
vehicle class. Beside the basic vehicle, an active 
bonnet, a pedestrian as well as an extended cyclist 
windscreen airbag and reductions in vehicle speed 
are each assessed 
 
Compact The index results for the compact car are 
shown in Figure 12. For the basic vehicle as well as 
for each of the additional passive safety measures 
two bars are specified, indicating the AIS3+ head 
injury risk for children and adults. The two graphs 
next to the bars of the basic vehicle illustrate the 
reduction of the index value for children and adults 
due to a speed reduction of the basic vehicle of 5, 
10, 15 and 20 km/h. This allows a direct transfer of 
the safety potential of additional passive measures 
into an equivalent speed reduction of the basic 
vehicle. 
 

 
 
Figure 12.  Cyclist index results for vehicle class 
Compact. 
 
For the vehicle assessed in Figure 12 the injury risk 
for children and adults is almost identical and rises 
for both groups if an active bonnet is implemented. 
Especially for children there is a significant 
increase. One reason for this is the injury risk 
coming from the lifted bonnet rear edge, which is a 

relevant impact area for children but not for adults. 
Furthermore, the head impact velocities show 
higher values due to the lifted bonnet, with the 
strongest increases in the bonnet and cowl area. 
 
Because of the short bonnet geometry of the 
compact car, mainly children benefit from a classic 
U-shaped pedestrian windscreen airbag, which 
covers a significant part of the relevant head impact 
area of children while adults are only protected in 
the area of the A-pillars. This protection can be 
extended until the roof leading edge in case of a 
cyclist airbag. Thereby, the adult index value can 
be further reduced but does not reach the level of 
the children value. A transfer of the safety potential 
calculated for the cyclist airbag into an equivalent 
collision speed results in a speed reduction of 
10 km/h for adults, whereas for children the cyclist 
airbag safety potential is equivalent to a speed 
reduction of more than 15 km/h. 
 
Sedan The vehicle representative of the class 
Sedan is equipped as standard with an active 
bonnet, resulting in very good structural properties 
in the bonnet area. For reasons of comparability 
with the other vehicle classes, a generic Euro 
NCAP test result representing typical structural 
properties of a car without an active bonnet is used 
for the assessment (Figure 13).  
 

 
 
Figure 13.  Cyclist index results for vehicle class 
Sedan. 
 
In case of the sedan car the critical cowl and lower 
windscreen area have a relevance of almost 50% 
with regard to the head impact locations of 
children, while adults show high head impact 
velocities for the windscreen area. Both effects 
result in high index values for the particular groups. 
Also with an equipped active bonnet the relevance 
of the cowl and lower windscreen area stays high 
for children, so that no significant improvement can 
be achieved by this measure. Only in combination 
with an additional windscreen airbag the index 
values for both children and adults can be reduced 
considerably. An extension of the protected area 
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due to a cyclist airbag is not very effective since 
only a few adults benefit from such a system. 
 
Looking at the index results of the sedan car, the 
influence of the structural properties on the safety 
potential of AEB systems becomes apparent. While 
children achieve a very low index value (0.04) 
when the vehicle speed is halved (20 km/h), there is 
still a significant AIS3+ head injury risk of 27% for 
adults. This is a result of the forward displacement 
of the head impact locations due to the reduced 
collision speed. While for a collision speed of 
40 km/h the relevance of the critical cowl and 
lower windscreen area amounts to 8% with regard 
to the head impact of adults, it increases to a share 
of more than 72% in case of a collision with 
20 km/h. Thus, the injury risk reduction resulting 
from lower head impact velocities is partially 
compensated by a shift of the head impact locations 
towards areas with a high structural stiffness. 
 
Van Figure 14 illustrates the assessment results for 
the vehicle class Van. The head impact velocities 
are very high. Especially for the windscreen area 
high average values up to 50 km/h are reached. But 
also for the relevant bonnet areas the averages lie 
above the collision speed. Accordingly, high index 
values are calculated for the basic vehicle. 
 

 
 
Figure 14.  Cyclist index results for vehicle class 
Van. 
 
The head impact velocities are reduced by an active 
bonnet for both children and adults, which is 
reflected by the corresponding index values. Due to 
the high relevance of the critical cowl and lower 
windscreen area for children, the pedestrian 
windscreen airbag offers a high safety potential 
here. Because of the steeper front geometry of the 
van, the wrap around distances of the head impact 
locations are generally shorter compared to the 
sedan car. Thus, the pedestrian windscreen airbag 
again covers the relevant A-pillar areas almost 
completely. The highest head injury risk reduction 
for children and adults can be achieved by halving 
the collision speed. 

SUV In case of the SUV the end of the Euro NCAP 
test zone (WAD 2100 mm) lies in the lower 
windscreen area. Thus, the structural properties of 
large parts of the adult head impact area are quite 
critical, particularly as the area beyond the wrap 
around distance of 2100 mm is hardly relevant for 
the head impact of cyclists. Furthermore, the 
average head impact velocities in the cowl and 
lower windscreen area lie above 45 km/h, so that 
the resulting adult index value is very high 
(Figure 15). A significant reduction is possible 
through the implementation of an active bonnet, 
which reduces both the head impact velocities and 
the relevance of the cowl and lower windscreen 
area. 
 

 
 
Figure 15.  Cyclist index results for vehicle class 
SUV. 
 
Conspicuous is the relatively low index value for 
children, who benefit from low head impact 
velocities as well as good structural properties in 
the bonnet area. Due to the high and long front 
geometry of the SUV, the cowl area is hardly 
relevant for children. Consequently, the safety 
potential of a windscreen airbag is low with regard 
to children. This does not apply to adults, where the 
pedestrian windscreen airbag addresses all relevant 
head impact areas beyond the bonnet rear edge, 
which leads to a considerable reduction of the 
index value achieved by the active bonnet. Due to 
the geometrical boundary conditions there is no 
additional benefit arising from a cyclist airbag. 
 
In the course of a vehicle speed reduction the index 
values of children as well as adults can be lowered 
significantly. Especially for adults the reduction is 
noticeable. Halving the vehicle speed reduces the 
risk for a severe head injury from 88% to 4%. Here, 
the forward displacement of the head impact 
locations supports the injury risk reduction 
resulting from the lower head impact velocities 
since the relevance of the stiff cowl and lower 
windscreen area decreases from 66% to only 0.2%. 
This means that at a vehicle speed of 20 km/h the 
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head impact of almost all adults occurs on the 
bonnet. 
 
OneBox The example vehicle of the OneBox class 
shows the worst Euro NCAP test results of all 
vehicles regarded so far, which is reflected 
accordingly by the calculated cyclist index values 
in Figure 16.  
 

 
 
Figure 16.  Cyclist index results for vehicle class 
OneBox. 
 
The very high index value for adults results from a 
high relevance of the in large parts red rated cowl 
and lower windscreen area as well as high average 
head impact velocities above 45 km/h in the middle 
windscreen area. Even for a halved vehicle speed a 
severe head injury risk of 25% remains. With 
regard to children the inadequate structural 
properties in the bonnet area have a negative effect 
on the index value. Furthermore, one third of the 
head impact locations of children lie in the cowl 
and lower windscreen area. 
 
The implementation of an active bonnet results in 
higher head impact velocities for both children and 
adults, which reduces the benefit due to the 
improved structural properties in the bonnet area 
and in case of the adults even increases the injury 
risk. As a consequence of the high head impact 
velocities caused by the active bonnet, the safety 
potential of an additional windscreen airbag is 
reduced as well. The achieved index values are 
significantly higher than the airbag results of the 
other vehicles. 
 
Sports Car A vehicle fulfilling the geometrical 
boundary conditions of the class Sports Car has not 
been tested by Euro NCAP so far. Thus, there are 
no concrete test results available for the vehicle 
class Sports Car. Therefore, again a generic Euro 
NCAP test result has been defined for the index 
calculation, which is illustrated in Figure 17. 
 
The assessment of the basic vehicle reveals a high 
index value for children, which even lies above the 

adult value. Due to the low front geometry of the 
sports car, the cyclist head impact locations are so 
far rearwards located that the cowl and lower 
windscreen area is hardly relevant for adults (1.6%) 
but comprises almost 50% of the children head 
impact locations. Nearly all adults impact in the 
middle and upper windscreen area, which offers, 
except for the A-pillars, adequate structural 
properties. Furthermore, the head impact velocities 
achieved within the windscreen area are lower 
compared to those in the bonnet area. This turns 
into the opposite in case of an active bonnet, i.e. the 
head impact velocities in the bonnet area decrease 
while the average head impact velocities in the 
cowl and windscreen area increase, which causes a 
corresponding higher adult index value. Children 
do not benefit from an active bonnet as well. The 
positive effects in the bonnet area are compensated 
by a further increased relevance of the cowl and 
lower windscreen area. 
 

 
 
Figure 17.  Cyclist index results for vehicle class 
Sports Car. 
 
An additional windscreen airbag covers a large part 
of the head impact locations of children, while most 
of the adults are only addressed in the area of the 
A-pillars. The additional safety potential due to an 
extended cyclist airbag is rather small. The children 
index value can be significantly reduced by halving 
the vehicle speed, resulting in a risk for a severe 
head injury of only 8%. For adults the forward 
displacement of the head impact locations, which is 
very pronounced for vehicle speed reductions of 
more than 10 km/h, counteracts the decrease of the 
injury risk due to the lower head impact velocities. 
This results in almost identical index values for a 
vehicle speed of 30 and 20 km/h. 

CONCLUSIONS 

Overall, the cyclist index values and the related 
AIS3+ head injury risks respectively are relatively 
high. When comparing the presented cyclist index 
values with the corresponding pedestrian index 
values, it becomes apparent that for all vehicle 
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classes the cyclist values are considerably higher 
than the values calculated for pedestrians. In this 
regard, the high average head impact velocities 
achieved by the cyclists are crucial, which often, 
especially in the relevant impact areas of the adults, 
lie above the vehicle speed. This is not the case for 
pedestrians and reduces the safety potential and 
effectiveness respectively of merely passive safety 
measures with respect to cyclists. Moreover, 
characteristically for cyclist‐passenger car frontal 
collisions are the oftentimes further rearwards 
located head impact locations compared to 
pedestrian frontal collisions. As a consequence, the 
relevance of the stiff cowl and lower windscreen 
area is usually increased for children. At the same 
time, especially the head impact locations of tall 
adults often exceed the test area defined for the 
Euro NCAP pedestrian tests. 
 
The results obtained from the assessment procedure 
reveal that cyclists are often not addressed by an 
active bonnet, even negative effects can be 
determined, whereas an additional windscreen 
airbag is able to reduce the head injury risk 
significantly. For shorter vehicle front geometries it 
has to cover the whole A-pillar in order to be really 
effective. 
 
The VRU friendlier the structural properties of a 
vehicle front, the more pronounced is the positive 
effect of a vehicle speed reduction (as long as the 
accident is not completely avoided). Compared to 
the safety potential of passive measures at a vehicle 
speed of 40 km/h, a halving of the impact speed is 
more beneficial - this is equally valid for all vehicle 
front categories, both for cyclists and for 
pedestrians as well as for adults and children. 
Additionally, a reduction of vehicle speed is the 
only measure that also has a positive effect on the 
secondary impact, which turned out to be highly 
relevant in the full scale tests conducted. 
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ABSTRACT 
Pedestrian injuries and fatalities are on the rise.  Vulnerable road users are particularly difficult for 
transit bus drivers to see because of both the many obstructions to their view of the forward roadway 
and the limited visibility of events near the side of the bus (here we discuss only pedestrians but our 
discussion generalizes to other vulnerable road users such as bicyclists). In response to the rise in 
pedestrian collisions, systems have been developed to warn transit bus drivers of the potential presence 
and location of pedestrians whom they might strike if they (the drivers) do not take preemptive action.  
If the collision warning systems only alerted the driver of a crash threat when he or she was not aware 
of it and never warned the driver unnecessarily, they would seem to provide an unconditional benefit.  
However, warnings are often issued after a driver has observed the threat, possibly distracting the driver 
(here referred to as unnecessary warnings).  In a highly trusted system, unnecessary warnings could lead 
drivers to respond abruptly in ways that increase the risk of injury to standing and seated passengers.  In 
this paper, we review factors that influence when and how a driver responds to unnecessary warnings 
and identify the need for a framework for better understanding of the effects of imminent and 
cautionary warnings found in two-stage pedestrian warning systems.  
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INTRODUCTION 
The National Highway Traffic Safety 
Administration (NHTSA) recently reported 
increases in the percentage of pedestrian 
fatalities beginning in 2008 following 5 years of 
stable percentages (11% of all traffic fatalities).  
In 2014 the percentage of fatalities reached 
15% (NHTSA, 2016).  Individual transit agencies 
have paid millions annually for claims related to 
crashes with tragic and costly pedestrian strikes 
(Rouse, 2013).  Pedestrian safety and economic 
factors motivate efforts to reduce the number 
of these events.  

NHTSA  (2014, 2015, 2016) reported that in 
2012, 2013 and 2014, respectively, fatal crashes 
more commonly occurred when the pedestrian 
was struck by the sides of buses and large 
trucks compared to other types of vehicle.  
Correspondingly fewer crashes occurred with 
the front suggesting that bus and large truck 
drivers’ situational awareness may not always 
extend to crash threats in proximity to the sides 
of the vehicle.  Most of these crashes occurred 
at night.  These findings suggest that a system 
that reliably warns bus drivers of pedestrians 
who are in the path of the bus, and that provide 
cues to where they are located, could benefit 
pedestrian safety.  Drivers who receive an alarm 
may be more quick to identify the pedestrian 
who triggered the alarm than they would 
without the alarm, especially under 
circumstances when the pedestrian is partially 
hidden by darkness or location. This would be 
consistent with prior research has shown faster 
response times to signals when participants 
were cued to the location of the signal in the 
visual field (Posner, Snyder, & Davidson, 1980). 

Additional benefits are potentially introduced 
by two-stage warning systems.  They may 
further improve driver response to the warning 
system by increasing driver alertness when a 
potential pedestrian crash threat exists.  In a 
two-stage warning, a cautionary threat warning 

is followed by an imminent warning when the 
operator does not take an appropriate action 
after the cautionary warning (Campbell, 
Richard, Brown & McCallum, 2007).   

However, there are potential problems with 
pedestrian collision warning systems.  First, 
such warning systems are often somewhat 
unreliable.  Researchers have shown that that 
as the reliability of warnings decreases, 
operators actually perform better without 
warnings than they do with warnings (Wickens 
and Dixon, 2007). Second, the algorithms used 
to trigger the warnings must typically trade off 
missed hazards against false alarms (FAs).  As 
the number of misses decrease, not only will 
the number of false alarms increase but so too 
will the number of unnecessary warnings 
(threats which the driver has identified before 
the warning is activated).  The driver then must 
consider how to adjust his or her attention so 
that the mix of unnecessary warnings and 
necessary warnings is satisfactory for the driver.  
Third, the use of cautionary warnings, while 
potentially of benefit, could cause the driver to 
pay too much attention to potential threats 
which never materialize, thereby missing early 
detection of imminent threats.   

The first of the above three issues has been 
widely addressed in the warning literature.  
Here we address the issues raised by 
unnecessary warnings and two-stage systems.  
The way the driver deals with unnecessary 
warnings and two-stage systems will influence 
the probability that a driver will strike a 
pedestrian when an alarm is activated and 
when it is not.  These in turn influence the 
expected costs of a warning system with a given 
mix of hits, misses, false alarms and correct 
rejections.  The warning system needs to 
facilitate a driver’s optimal response by 
adjusting the alarm settings (the mix of alarm 
hits, misses, false alarms and correct 
rejections).  By optimal response here we mean 
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one which minimizes the costs associated with 
fatalities and severe injuries. 

NECESSARY AND UNNECESSARY WARNINGS 
To begin the discussion, we want to speak 
generally to the effects of necessary and 
unnecessary warnings.   

ALERT ACTIVATED BEFORE DRIVER DETECTS THREAT 

(NECESSARY WARNINGS) 
Imagine that the driver has not seen the threat.  
A warning sounds.  The driver’s attention is 
immediately redirected toward the threat.  We 
refer to this as a necessary warning.  The driver 
is both less likely to hit the pedestrian than a 
driver who is given no warning and the driver is 
more likely to trust the system.  This increase in 
trust can have both benefits and costs.   

It will have benefits in scenarios where the 
warning system can detect the threat.  
However, it is likely to have costs in scenarios 
where a threat exists and the warning system 
could not detect the threat, but a vigilant driver 
could detect the threat.  An example of such a 
scenario is given in the figure below: 

 

 

 

 

 

 

 

 

Figure 1.  Pedestrian hidden on the left 

An attentive driver would recognize that a 
pedestrian could emerge from behind the van 
stopped in the adjacent travel lane immediately 
in front of the marked midblock crosswalk.  A 

sensor system cannot see behind the van and 
so would not be able to warn the driver of a 
potential threat.   

ALERT ACTIVATED AFTER DRIVER DETECTS THREAT: 
UNNECESSARY WARNINGS 
Now imagine that there is a crash threat, the 
driver detects the threat, and then the alert 
occurs.  This might be considered an 
unnecessary warning (UW).  For Lees & Lee 
(2007), an unnecessary warning is “an alarm 
associated with a situation judged hazardous by 
the designer, but not by the driver. The driver 
can understand what triggered the alert” (p. 
1267).  Also, “UWs are predictable, understood, 
not considered useful.”   In contrast, false 
alarms (FAs) are said to occur at random from a 
driver’s perspective. They are “non-useful, 
unintended by designer, unpredictable.” 
Braitman, et al. (2010) describe UWs similarly: 
“where the technology functioned as intended 
but drivers did not think they were at risk of a 
crash or were already aware of the situation” 
(p. 276). As an example of the former situation, 
imagine a warning is issued when a bus is 
approaching a pedestrian and the pedestrian is 
moving towards the bus, but the pedestrian is 
waiving on the bus.  As an example of the latter 
situation,  cases where drivers are already 
aware of the threat, they may begin to brake 
before the warning is issued.  In fact, in an 
aviation context, participants responded to a 
majority of situations before they received an 
alert about them (Friedman-Berg, et al., 2008).   
 
In short, there appear to be at least two forms 
of unnecessary warning: those where the driver 
understands why the warning was issued, but 
he or she has not responded because the 
situation is one which the driver would define 
as a safe (UW1), and those where a warning is 
issued after the driver detects and may have 
already responded to the threat(UW2) .  In 
contrast, in a situation where a false alarm is 
issued, the warning system responds 
unexpectedly in a safe situation.  In support of 
the meaningfulness of the UW1-FA distinction, 
Cotté, Meyer, & Coughlin (2001) found that 
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providing older participants visible reasons for a 
warning issued in a safe situation led to lower 
subjective false alarm ratings, implying higher 
tolerance, than when no visible reasons were 
provided to the participants. Comparing driver 
response to UW1 and FAs, Lees & Lee (2007) 
found that drivers braked and reduced their 
speed in response to a critical collision situation 
more with a warning system that had produced 
the UWs than with one that had produced FAs, 
and they also trusted the UW system more.  
Distracted drivers also responded to the UW-
prone system prior to the time when the 
warnings were issued, similar to undistracted 
drivers (i.e.., UW1s resulted in UW2s). The 
UW1s were presented in response to situations 
that momentarily appeared to require a 
response, but then resolved themselves without 
an evasive maneuver, or in response to 
situations that only required a gradual 
response.  FAs were issued in advance of these 
situations. 
 
Unnecessary warnings are here classified with 
hits for several reasons.  First, they are 
predictable and unlike FAs the driver 
understands why they occur.  Second, Lees & 
Lee (2007) and Cotté et al. (2001) found that 
they differ from FAs in effects on simulated 
driving, on trust for the warnings, and in how 
drivers regard them.  Rather, like hits they build 
trust. Third, UW2s are equivalent to hits, 
particularly relatively late warnings that are 
only issued after a driver has had an 
opportunity to respond and that are designed 
primarily for inattentive drivers.  Whereas false 
alarms are undesirable, Källhammer, et al. 
(2016), following Farber & Paley (1993), 
suggested that the warning system should issue 
warnings where there is not a clear need 
because the situation would not lead to a 
collision, but where the driver still perceives 
them as “relevant and useful” (p. 2).  They do 
not consider them unnecessary at all. Alarms in 
situations like these are not hits, but share 
more attributes with them than with FAs.  

MISSES AND FALSE ALARMS 
We are interested in how changes in the 
mixture of necessary and unnecessary warnings 
produced by changes to the warning threshold 
influences how a driver decides to behave.  We 
cannot come to a complete picture of what is 
happening unless we also consider how a driver 
treats changes in false alarms and misses since 
the expected number of both will also change 
as the warning threshold changes. 

FALSE ALARMS 
False alarms create problems for several 
reasons.  In a simulation study of imperfect 
forward collision warnings, Maltz & Shinar 
(2004) found that a relatively high FA rate led to 
more braking when it was not necessary.  Hard 
braking was generally not found in Maltz & 
Shinar’s study because the alarm system only 
presented FAs when time headway exceeded 6 
seconds. FAs issued for pedestrians could occur 
at shorter range and present a particular 
problem for transit bus drivers because hard 
braking can result in discomfort or injuries to 
riders.  Thus, drivers must carefully but quickly 
weigh the possibility of hard braking in 
response to false warnings with the necessity of 
an appropriate response to true warnings when 
they do not observe a pedestrian crash threat.  
Another consequence of false alarms is that 
they reduce trust in the warning system (Lees & 
Lee, 2007).   

MISSES 
Maltz & Shinar (2004) found that a warning 
system’s high FA rate affected driver responses 
to a potential collision whereas their 
manipulation of miss rate only showed a 
marginal effect.  Dixon, Wickens, & Chang 
(2004) found that a FA-prone system and a 
miss-prone system both reduced performance, 
with the miss-prone system producing slower 
detection times than no warning when the 
warning system missed a target, while FA-prone 
system affected both tasks and even when it 
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generated a hit.  These effects occurred under 
the higher workload concurrent task conditions.   
We hypothesize that when drivers place a high 
level of trust in the warning system because it 
infrequently issues FAs, complacency could 
increase the probability of a strike, given a miss 
(this follows from Bliss & Acton’s (2003) finding 
that drivers who experienced 50% FAs crashed 
less than drivers with 25% or no FAs).  
Presumably the driver with the more unreliable 
system predicted the threats  because he or she 
trusted the system less, and was therefore 
paying more attention: 

 
( | ) ( , )P strike Miss g Hit alert before threat acquisition=

 

TWO-STAGE WARNINGS 
Next we want to speak generally about two-
stage warnings.  As noted earlier, Källhammer 
et al. (2016) suggested that UWs are useful. 
They suggest that UWs are useful because 
actual collision situations are rare.  When actual 
collisions are rare drivers may have little or no 
experience with a warning and not know how to 
respond.  It is here that UWs can serve a 
purpose because in the absence of an actual 
collision they can provide applicable experience 
of what to expect when a warning does appear.  
Källhammer et al. reported that participants 
found UWs acceptable if they were issued when 
a pedestrian was in the street even when there 
was no threat of collision.  Two-stage warnings 
would appear to provide similar benefits.  The 
initial “cautionary” warning provides an early 
warning to the driver that is often unnecessary 
because the threat never becomes (or perhaps 
the driver has already identified the potential 
threat).  Again, the cautionary warning, like the 
unnecessary imminent warning, can serve as a 
learning experience. 

Habibovic & Davidsson (2011) recommend 
cautionary warnings in two-stage pedestrian 
warning systems and, in particular, a cautionary 

warning followed by an imminent crash warning 
if the hazardous situation continues.  The 
current paper proposes an analysis framework 
that concerns the distinctions between alarm 
hits (UW1s or UW2s depending on the driver’s 
behavior) and alarm FAs for both cautionary 
and imminent warnings that cue the driver to 
the location of a pedestrian hazard. In Insurance 
Institute of Highway Safety surveys of user 
experience with various automotive safety 
warnings, the percentage of drivers who 
reported FAs or UWs has been considerably 
higher than the percentage who reported that 
the warnings were annoying.  In fact, nearly all 
drivers surveyed found the warnings useful 
(Braitman, McCartt, Zuby & Singer, 2010; 
Eichelberger & McCartt, 2014, 2016; Cicchino & 
McCartt, 2015).  For example, Braitman, et al. 
report that 43% of respondents said that they 
received forward collision warnings when they 
did not perceive a crash risk, while only 21% 
said that they dislike the false or unnecessary 
warnings. Most (61%) of the respondents in 
Cicchino & McCartt (2015) said that they 
received warnings when they did not perceive a 
crash risk, while only 12% agreed that it was 
annoying. These surveys did not distinguish 
between FAs and UWs, but from these results 
suggest that many of the reported FAs/UWs 
were actually UWs.  UWs may represent many 
of the warnings drivers receive, but their effect 
on key Signal Detection Theory metrics is 
uncertain.   

To achieve an optimal response, one that 
minimizes cost, it may be necessary to design a 
warning system that occasionally fails to warn a 
driver of a pedestrian in order to provide a low 
false alarm rate.  However, when the false 
alarm rate is adjusted suitably downward so 
that the expected benefits exceed the costs, the 
cost of misses may rise to the point where the 
overall costs of a warning system may exceed 
its overall benefits.  Thus, drivers may perform 
better without the warning system than with 
the warning system and a rational driver would 
disengage it.  Cautionary and “unnecessary” 
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warnings understood as more similar to hits 
than to false alarms, as well as the cautionary 
warnings in two-stage warning systems, need to 
be considered as well for an accurate 
calculation of the cost impact of a pedestrian 
warning system.   Hypothetically, the cautionary 
false alarm is not as consequential as the false 
alarm of an imminent warning. 

EXPECTED COSTS 
ONE-STAGE WARNINGS 
To have a framework for thinking about the 
effect of unnecessary warnings and two-stage 
warning systems on the expected costs, we 
need to provide a rudimentary formula that 
contains the terms that go into the computation 
of the expected costs.  To begin, we need to 
define several terms, similar to those used in 
signal detection theory.  Let N(Hit), N(Miss),  
and N(FA) be, respectively, the expected 
number of hits, misses and false alarms in some 
number of bus miles traveled, say 100 miles. A 
hit will be defined as an alarm which is 
activated when the bus and pedestrian are on a 
collision course and they will collide in, say, x 
seconds (the threshold is chosen arbitrarily 
here) unless some action is taken, where x is 
relatively short for an imminent alarm and 
longer for a cautionary alarm.  A miss is defined 
as an alarm which is not activated when the bus 
and pedestrian are on a collision course.  And a 
false alarm is defined as an alarm which is 
activated when the bus and pedestrian are not 
on a collision course within the warning time of 
the cautionary or imminent warning.  Let 
P(strike|Hit), P(strike|Miss) and P(strike|FA) be 
the probabilities, respectively, of an operator 
striking a pedestrian given the warning is a hit, 
miss, or false alarm.  Finally, let C(strike) be the 
cost of a strike.  We keep things simple by 
assuming that the cost of a strike does not vary 
across the different speeds and situations in 
which a strike can occur. 

Given the above, the expected cost of a trip 
over 100 miles of bus travel can be written as a 
function of the above terms: 

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

[ ( )] | |

|

N Hit P strike Hit C strike N Miss P strike Miss C strike

N FA P strike F

E C tri

A C st ike

p

r

= + +    

Equation 1 

We now want to describe an example where we 
show how the costs vary as a function of the 
expected number of hits, misses and false 
alarms.   As a start, we assume that the 
conditional probability of a pedestrian strike 
does not vary as a function of the mix of hits, 
misses, and false alarms.  Suppose our first 
system is a fairly conservative warning system, 
where we have only 2 instances in every 100 
miles where the driver receives a false alarm 
(top panel, Table 1).  Our second system is a 
less conservative one where we have 3 
instances in every 100 miles where the driver 
receives a false alarm (middle panel).  And our 
third system is the least conservative system 
where we have 20 instances in every 100 miles 
where the driver receives a false alarm.  The 
disadvantage of the less conservative systems is 
obvious.  The advantage is that the misses are 
reduced almost to zero. 

Table 1.  Warning Hits, Misses and False Alarms.  

(Top panel most conservative, very few false 

alarms.  Bottom panel least conservative, the 

most false alarms.) 

True 
threats 

Alarm 
activates 

Alarm does not 
activate 

10 8 2 
No 

threats     
100 2 98 
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True 
threats 

Alarm 
activates 

Alarm does not 
activate 

10 9 1 
No 

threats 
Alarm 

activates 
Alarm does not 

activate 
100 3 97 

 

True 
threats 

Alarm 
activates 

Alarm does not 
activate 

10 9.9 0.11 
No 

threats 
Alarm 

activates 
Alarm does not 

activate 
100 20 80 

 

It is now easy enough using Equation 1 to 
compute the expected cost of a trip if we assign 
values to the various quantities in Equation 1.  
One possible assignment is included below: 

Category Quantity 
Miles 100 
P(strike|Hit) 0.001 
P(strike|Miss) 0.100 
P(strike|FA) 0.010 
C(strike) $2,000,000 

 

Using Equation 1, for the top, middle and 
bottom panels of Table 1 one finds the 
expected trip costs are, respectively: 

                                                           
1 The readers should note that this is the expected 
number of alarms, not the number of alarms on a 
given trip of 100 miles.  So, if we took 1000 trips 
each of 100 miles and the alarm activated on 9,900 
where a threat was present and failed to activate on 
100 where a threat was present then the expected 
(average) number of misses per 100 miles would be 
0.1 

 

Table 2.  Expected Trip Costs: Variation with 

Strike Criterion 

Trip Expected Costs 
Top Panel $456,000 
Middle Panel $278,000 
Bottom Panel $439,800 

 

Identifying the optimal threshold in order to 
minimize the costs in Error! Reference source 
not found. would not be a hard problem to 
solve if the probability of a strike conditional on 
a hit, miss or false alarm did not vary as the 
mixture of hits, misses and false alarms varied.  
However, there is every reason to believe that it 
will vary, both because of the driver’s desire to 
arrive at an optimal mix of necessary and 
unnecessary alarms and because of the 
existence of a two-stage warning system.  The 
goal of the next several sections is to explore 
how the variation in the frequency of necessary 
and unnecessary alarms is expected to 
influence these conditional probabilities. 

TWO-STAGE WARNINGS 
Two-stage warnings from a computational 
perspective are a straightforward extension of 
Equation 1.  However, instead of the three 
conditioning events being hits, misses, and false 
alarms, they are now a function of nine 
conditioning events.  Those nine conditioning 
events correspond to all sequences of hits, 
misses and false alarms of first the cautionary 
alarm and then the imminent alarm. 

PROBABILITY OF A STRIKE 
Now that we understand the general effects on 
drivers’ behavior of unnecessary warnings and 
two-stage warnings we can go on to describe 
how they affect both the change in the 
probability of a strike given the mix of hits, 
misses and false alarms and, in turn, the 
expected costs as the alarm threshold is 
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changed.  To begin, we will show how a change 
in the alarm threshold affects the expected 
number of threat mitigation responses as the 
threshold is decreased. 

THREAT MITIGATION RESPONSES 
A simple example can help make clear what we 
are hoping to do. In particular, imagine two 
warning thresholds, one set at 3 seconds (left 
panel, Table 3) and one set at 2 seconds (right 
panel).  The expected number of alarm hits, 
misses and false alarms are depicted, 
respectively, in the upper left, upper right and 
bottom left of Table 3.  As the threshold 
decreases, the expected number of a false 
alarm decreases and, correspondingly, the 
expected number of a misses increases.  This is 
exactly what is depicted in Table 3 below as one 
moves from a warning system with a the 3 
second threshold to a warning system with a 2 
second threshold. 

Table 3.  Two warning systems: Alarm hits, 

misses and false alarms.  (Three second and two 

second thresholds) 

3 Seconds 2 Seconds 
Yes No Yes No 

Threat 18 2 Threat 12 8 
No 

Threat 10 NA 
No 

Threat 6 NA 
 

Note that the above table needs to be 
embellished by the occurrence of unnecessary 
alarms.  Recall that unnecessary alarms occur 
after a driver has identified a threat.  Some or 
all of the above hits could be unnecessary 
alarms.  For purposes of this example, let’s 
assume that the driver is paying attention to 
the forward roadway and sides of the bus 2/3 of 
the time, beginning at 4 seconds from a 
potential threat, and is attending to other 
necessary tasks some 1/3 of the time as he or 

she approaches the threat.  Then, for the 
moment that the driver always himself or 
herself identifies the threat, the expected 
number of unnecessary alarms with the 3 
second threshold is 12 and the expected 
number of unnecessary alarms with the 2 
second threshold is 8.   This is displayed below 
in Table 4 on, respectively, the left and right 
panels. 

Table 4.  Two warning systems: Alarm hits, 

misses and false alarms and driver necessary 

and unnecessary alarms.  (Three second and 

two second thresholds) 

3 Seconds 2 Seconds 
Yes NA/UA No Yes NA/UA No

Threat 18 
6 

2 Threat 12 
4 

8 
12 8 

No 
Threat 10   10 

No 
Threat 6   14 

 

Finally, we want to know the system mitigation 
response.  In particular, we want to know the 
expected number of threats which actually lead 
to a mitigation response by the driver.  All 
unnecessary alarms are defined as ones where 
the driver has perceived the threat before the 
alarm sounds.  We can assume that the driver 
will make a mitigation response here.  All 
necessary alarms are generated by the driver 
not paying attention.  To keep things simple, 
let’s assume that only 50% of the UAs lead to a 
mitigation response.  Finally, along the same 
lines with respect to misses we can assume that 
the driver is not paying attention 1/3 of the 
time and therefore will make no mitigation 
response for 1/3 of the misses (and always 
make a mitigation response for the other 
misses).  Thus, the expected number of 
mitigation responses to the necessary and 
unnecessary alarms are as presented in the left 
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hand panel of Table 5 for a warning with a three 
second threshold and as presented in the right 
hand table for a warning with a two second 
threshold 

Table 5.  Two warning systems: Mitigation 

responses.  (No change in attention level.) 

3 Seconds 2 Seconds 
Yes NA/UA No Yes NA/UA No

Threat 18 
3 

1.7 Threat 12 
2 

5.5
12 8 

No 
Threat 10   10 

No 
Threat 6   14 

 

It is important to note here the two critical 
factors that explain why Table 4 and Table 5 are 
different with respect to the entries in the 
necessary alarms (yellow highlighting).  The first 
is the level of attention.  This influences the 
number of necessary and unnecessary 
warnings.  And the necessary warnings, being 
more risky, are not all ones which are followed 
by a mitigation response.  Rather, this is 
influenced by the second factor, proportion of 
necessary alarms to which the driver cannot 
make a mitigation response because the alarm 
occurs too late.   

It is equally important to understand the factors 
that explain why Table 4 and Table 5 are 
different with respect to the entries in misses 
(green highlighting).  Again, the level of 
attention is a key factor.  It is assumed that all 
missed alarms which occur in scenarios where 
the driver was paying attention lead to 
mitigation responses.  But what about missed 
alarms which occur in scenarios where the 
driver was not paying attention?  To keep things 
simple, we will assume that this is equal to the 
proportion of necessary alarms to which a 
driver could not make a mitigation response.   

SHIFT OF ATTENTION 
There is a problem with the above analysis that 
the reader may have discovered on his or her 
own at this point.  In particular, it was assumed 
that the driver kept constant the level of 
attention paid to the forward roadway and 
sides of the bus as the threshold was decreased.  
Now we need to ask ourselves whether this is 
reasonable.  To be clear, by changing the level 
of attention the driver cannot change the 
expected number of alarm hits, misses and false 
alarms.  But the driver can change the expected 
number of necessary alarms and misses which 
lead to mitigation actions by varying the 
attention given to the forward roadway and 
sides of the bus. 

In this case, it would appear reasonable that if 
the threshold is lowered and therefore the 
expected number of misses increases, the driver 
would pay more attention to the forward 
roadway and sides of the bus.   The driver has 
limited cognitive resources.  These resources 
can be divided among multiple tasks, that 
division depending on many things.  As the 
likelihood of missing something on the forward 
roadway increases, it would only be natural for 
the driver to shift his or her attentional capacity 
to scanning the forward and sides of the bus.  
This would decrease the number of system 
misses since the driver is now paying more 
attention in the 2 second threshold.  In terms of 
the above example, the driver might increase 
the level of attention in the 3 second threshold 
of 67% to a level of attention in the 2 second 
threshold of 90%.   

Note that this would lead to an increase in the 
expected number of mitigation actions.  When 
there was no change in the level of attention 
given to the forward roadway and sides of the 
bus, the expected number of mitigation actions 
decreases from 16.7 with a 3 second threshold 
(the sum of the number of threats in the 
NA/UA/No cells, i.e., 3, 12, 1.7, in the left hand 
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panel of Table 5) to 15.5 with a 2 second 
threshold (right hand panel).  But, if the level of 
attention actually increases as the threshold 
decreases then the expected number of 
mitigation actions increases from 16.7 (left 
panel, Table 6) to 18.65 (Table 6) even as the 
number of misses increases. 

Table 6.  Two warning systems: Mitigation 

responses.  (Increase in attention with decrease 

in threshold. Left panel -- attention 67%; right 

panel -- attention 90%.) 

3 Seconds 2 Seconds 
Yes NA/UA No Yes NA/UA No 

Threat 18 
3 

1.7 Threat 12 
0.6 

7.25
12 10.8 

No 
Threat 10   10 

No 
Threat 6   14 

 

The story is not quite complete because we 
have not considered how the decrease in 
unnecessary alarms might also affect the 
likelihood that the driver attends to the forward 
roadway and side of the bus.  This decrease is 
from 12 with a three second threshold (left 
panel, Table 6) to 10.8 with a two second 
threshold (right panel).  Note that this is also 
accompanied by a decrease in the number of 
necessary alarms, from 3 to 0.6.  It seems 
unlikely that this would prompt the driver to 
modify his or her level of attention given that a 
decrease in the number of necessary and 
unnecessary alarms are both good things (or 
presumably so). 

PROBABILITY OF A STRIKE 
Finally, we want to consider how the probability 
of a strike changes as the alarm threshold 
decreases for each of the four conditions: 
necessary alarm, unnecessary alarm, miss and 
false alarm.  Note that we now need to add one 
other factor which the reader may already have 

guessed was missing.  In particular, as the 
warning threshold is decreased, the likelihood 
of a strike when the driver is not paying 
attention would arguably increase.  We kept 
this likelihood the same, both for necessary 
alarms and for misses.  The likelihood of a strike 
given that the driver is paying attention should 
not change as the threshold is decreased.  By 
definition, if the driver is paying attention when 
the alarm is activated is not relevant.  Of 
course, we realize that when fully articulated, 
the relation may be more complex. 

At any rate, if we stick with the assumption that 
the likelihood of a mitigation action when the 
threshold decreases changes only when the 
driver is not paying attention, then we need to 
modify the probability in the above example, 
0.5, to something smaller, say 0.2.  The final 
predictions expected mitigation actions for this 
example with a three second threshold are 
listed in the left panel below (Table 7).  Those 
for a two second threshold are listed in the right 
panel below. 

Table 7.  Two warning systems: Mitigation 

responses.  (Increase in attention with decrease 

in threshold. Left panel -- attention 67%; right 

panel -- attention 90%.) 

3 Seconds 2 Seconds 
Yes NA/UA No Yes NA/UA No 

Threat 18 
3 

1.7 Threat 12 
0.24 

7.22
12 10.8 

No 
Threat 10   10 

No 
Threat 6   14 

 

One would now need to translate both the 
occurrence of a mitigation action and the 
nonoccurrence of a mitigation action into the 
probability of a strike in the three conditions 
(hit, miss false alarm) in order to substitute 
values back into Equation 1.  However, it is clear 
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that we do not have a single probability of a 
strike conditional on a hit nor do we have a 
single probability of a strike conditional on a 
miss.  So we need to expand several of the 
terms in Equation 1 in order to be able to 
substitute back into the equation. 

Let’s start with the probability of a strike given a 
miss.  We have said that this conditional 
probability depends on whether the driver is or 
is not paying attention. The expansion is given 
below in  Equation 2.  If the driver is paying 
attention, then the product of interest is on the 
left hand side of Equation 2.  So, in the two 
second threshold warning example discussed 
above, ( | ) 0.9P attend Miss = .  The quantity, 

( | , )P strike Miss attend  needs to be 
determined empirically but is presumably very 
small, if only because the probability of a 
mitigation response given that the driver is 
attending we have set equal to 1. 

( | ) ( & & | )

( | , ) ( | ) ( | , ) ( | )

P strike Miss P strike attend strike not attend Miss

P strike Miss attend P attend Miss P strike Miss not attend P not attend Miss

=
= +

U
   

Equation 2 

If the driver is not paying attention, then the 
product of interest is on the right hand side of 
Equation 2.  By complementation it follows that 

( | ) 0.1P not attend Miss =  .  Finally, we need 
to compute the conditional probability 

( | , )P strike Miss not attend  .  This final 
conditional probability is presumably close to 1.   

The computation of the conditional probability 
of a strike, given a hit, would proceed along 
similar lines with the proviso that one will need 
to differentiate between necessary and 
unnecessary alarms. 

In summary, what we know about necessary 
and unnecessary warnings as well as what we 
believe about how drivers would adjust their 
level of attention to the forward roadway and 
sides of the bus means that we can provide a 
computational model which could in theory be 

used to identify the quantities referenced in 
Equation 1 and, by extension, the mixture of 
alarm hits, misses and false alarms which 
minimized the expected cost.  However, such 
could not occur until estimates of the actual 
values that one needs in order to derive a value 
for the expected cost associated with a given 
mixture of hits, misses and false alarms are 
available. This awaits further experimentation. 

TWO-STAGE WARNINGS 
Computing the conditional probability of a 
strike, as complex as it might be from the 
standpoint of estimating the precise quantities 
based on actual human behavior, becomes still 
more difficult when two stage warnings are 
involved.  However, conceptually the factors 
influencing how the driver might change the 
level of attention, and therefore, ultimately, the 
likelihood of a strike, remain the same. 

CONCLUSIONS 
In conclusion, a framework for estimating 
warning system effectiveness needs to 
incorporate the driver’s perception of the 
warnings and the context in which they are 
issued.   These perceptions affect their trust in 
the warning system, and the level of trust is 
fundamental, potentially increasing the 
probability of a crash following a miss when 
trust is very high, while increasing the likelihood 
of disuse if trust is very low. For each type of 
perceived warning: hit, FA, miss, UW1, UW2, 
and cautionary warning, the framework could 
include: 

• Alarm status 
• Pedestrian crash threat status  
• Does the driver perceive the alarm? 
• Does the driver respond? 
• Is the response before or after the 

warning? 
• Does the driver perceive the pedestrian 

crash threat? 
• Does the driver perceive another 

pedestrian, not the crash threat? 
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• How to classify the driver’s detection 
(hit, miss, FA) 

• How does the driver classify the alarm 
(hit, miss, FA, UW)? 

• What is the utility of the alarm (useful, 
reassuring, nuisance, harmful)? 

• Effect on trust, use, misuse, disuse 
• How to classify the alarm (hit, miss, FA, 

UW) 
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ABSTRACT 

Research Question/Objective 

Advanced Driver Assistance Systems (ADASs) such as Forward Collision Warning (FCW) and Automatic 
Emergency Braking (AEB) have been developed for light passenger vehicles (LPVs) to avoid and mitigate collisions 
with other road users and objects. These frontal crash avoidance and mitigation countermeasures have contributed to 
the reduction in the number of real-world traffic crashes, injuries, and fatalities involving LPVs. However, despite 
this success, the number of crashes, injuries, and fatalities in the US involving motorcycles has remained relatively 
constant. As a result, the relative percentage of US traffic fatalities involving a motorcycle has increased from 11% 
in 2006 to 14% in 2015 (Source: NHTSA 2015 Traffic Safety Facts). Therefore, there is a need for passenger 
vehicle FCW and AEB systems to also be effective in avoiding collisions with motorcycles. This paper describes the 
potential application of the Honda-DRI ACAT Safety Impact Methodology (SIM) to the evaluation of passenger 
vehicle FCW and AEB system effectiveness in avoiding and mitigating collisions with motorcycles, in order to 
further the objective of improving motorcycle safety and overall traffic safety. 

Methods and Data Sources 

Extensions to the NHTSA-Honda-DRI ACAT SIM needed to evaluate the effectiveness of LPV FCW and AEB 
systems in avoiding or mitigating collisions with motorcycles are identified. Potential extensions to the Crash 
Scenario Database Development Tools (SIM Module 1) to create passenger vehicle pre-crash/crash scenarios 
involving a motorcycle include a new Automated Motorcycle Accident Reconstruction Tool (AMART) and 
supporting data sources (e.g., NASS/CDS and MCCS). Potential extensions to the Crash Sequence Simulation 
Module (SIM Module 3) to simulate the passenger vehicle pre-crash/crash scenarios involving a motorcycle include 
a refined subject vehicle driver model and supporting data (e.g., driving simulator data) to model the driver glance 
and control response behavior specific to motorcycle conflicts, refined sensor models for the FCW and AEB systems, 
a passenger vehicle versus motorcycle collision model, and a motorcyclist equivalent life unit (ELU) injury model. 
This could also involve the development and refinement of motorcycle specific track tests for the FCW and AEB 
systems.  

Results 

Anticipated results of the extended ACAT SIM tool would include the estimated effectiveness and benefits of the 
LPV FCW and AEB systems in avoiding and mitigating passenger vehicle crashes involving motorcycles. 

Discussion and Limitations 

The results of the extended ACAT SIM tool would be based on various assumptions, approximations, and 
limitations that are summarized herein and further documented in the supporting references, such as the 
representativeness and accuracy of the supporting data and reconstructed accident pre-crash scenarios. 

Conclusion and Relevance to session submitted 

The proposed extensions to the ACAT SIM methodology to evaluate passenger vehicle-motorcycle safety would 
provide a valuable tool to help assess the effectiveness and benefits of LPV FCW and AEB systems in avoiding and 
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mitigating LPV crashes involving motorcycles. This would help to further the objective of improving motorcycle 
safety and overall traffic safety. 

The methods used are directly relevant to the test and evaluation procedures to assess the safety benefits and 
effectiveness of advanced driver assistance technologies.  

INTRODUCTION 

Advanced Driver Assistance Systems (ADASs) such 
as Forward Collision Warning (FCW) and Automatic 
Emergency Braking (AEB) have been developed for 
light passenger vehicles (LPVs) to avoid and mitigate 
collisions with other road users and objects. These 
frontal crash avoidance and mitigation 
countermeasures have contributed to the reduction in 
the number of real-world traffic crashes, injuries, and 
fatalities involving LPVs. However, despite this 
success the number of crashes, injuries, and fatalities 
in the US involving motorcycles has remained 
relatively constant. As a result, the relative 
percentage of US traffic fatalities involving a 
motorcycle has increased from 11% in 2006 to 14% 
in 2015 [1]. Therefore, there is a need for LPV FCW 
and AEB systems to also be effective in avoiding 
collisions with motorcycles. 

Lenkeit and Smith [2] evaluated the ability of eight 
2016 MY US LPVs equipped with FCW to detect an 
exemplar motorcycle and passenger car using two 
tests in the NHTSA FCW confirmation test 
procedures [3]. The results of this preliminary 
evaluation indicated that only two of the eight subject 
vehicles (SVs) tested were able to pass the NHTSA 
test procedure with a stationary motorcycle as the 
principal other vehicle (POV), compared to all SVs 
passing the test with a stationary passenger car POV. 
Therefore these preliminary results tend to confirm 
the hypothesis that FCW systems may not be as 
effective in avoiding or mitigating collisions with a 
motorcycle as they are with a passenger car.  

Background 

Dynamic Research, Inc. (DRI) has been developing 
and applying safety impact analysis methods for 
many years (e.g., [4-7]1). This included the 
development of a comprehensive Safety Impact 
Methodology (SIM) in two NHTSA-Honda-DRI 
ACAT programs. The ACAT-I program refined and 
used this methodology to evaluate the effectiveness 
and benefits of a prototype Honda Advanced 
Collision Mitigation Braking System (A-CMBS) [5]. 
The ACAT-II program further refined and used this 
methodology to evaluate the effectiveness and 
benefits of pre-production Head-on Crash Avoidance 

                                                           
1 Additional references are listed in [7]. 

Assist System (H-CAAS) [6, 7]. The comprehensive 
and general structure of this methodology and 
accompanying tools are well suited for the potential 
evaluation of LPV FCW and AEB system 
effectiveness in avoiding and/or mitigating collisions 
with motorcycles with the extensions summarized 
herein. 

Project Aims 

The objective if this paper is to identify the 
extensions of the NHTSA-Honda-DRI ACAT SIM 
tools that would be needed to evaluate the 
effectiveness and benefits of LPV FCW and AEB 
systems in avoiding and mitigating collisions with a 
motorcycle. 

SAFETY IMPACT METHODOLOGY 

The NHTSA-Honda-DRI ACAT SIM was developed 
to correspond to the general framework described in 
[8]. This framework comprises 22 different functions 
that are grouped into seven different activities. 

Overview of the SIM 

A top-level block diagram of the Honda-DRI SIM 
tool is illustrated in Figure 1. The SIM tool comprises 
four main modules as follows: 

1. Crash scenario database development tools, 
comprising three submodules. 

Submodule 1.1 assembles a crash scenario 
dataset with a representative sample of LPVs 
involved in real-world crashes with a fixed 
object, 1 or 2 other vehicles, or a pedestrian, as 
illustrated by the example data in Figure 2. The 
cases are currently obtained from NASS/GES [9], 
CDS [10], PCDS [11], and naturalistic driving 
data [12]. The horizontal axis is the maximum 
Fatality Equivalents in the crash based on the 
coded KABCO or MAIS injury according to 
Appendix A of [5]. The resulting dataset 
comprises coded information about the accident, 
subject vehicle, collision partner, and persons, 
for use in the other SIM tool modules. This 
includes information for defining technology 
relevant crash types and effectiveness, and crash 
outcomes. A subset of this data (e.g., from CDS, 
PCDS) has more in-depth information that are 
used to reconstruct and simulate crash scenarios. 
Cases from GES provide information about 
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crashes where the subject LPV was not towed, 
which tend to be less severe. 

Submodule 1.2 is a tool to download or extract 
scene diagrams for each case in the crash 
scenario dataset if available.  

Submodule 1.3 is an Automated Accident 
Reconstruction Tool (AART) to reconstruct the 
pre-crash and crash trajectories of the LPVs for 
each case in the crash scenario file, provided 
there is sufficient information available and the 
case is within the domain-of-validity of the 
AART (e.g., there is a scene diagram, vehicle 
velocity, and contact information). These 
reconstructable cases2 are denoted by the dark 
blue symbols in Figure 2. The resulting 
reconstructions can be used for simulation and 
testing. 

2. Technology relevant case specification and case 
sampling tools comprise three submodules. 
Submodule 2.1 is a tool used by the ACAT 
designer to define the technology relevant crash 
types. Submodule 2.2 is a tool to select a 
representative subsample of crash scenario cases 
for simulation. Submodule 2.3 is a tool to select 
a subsample of cases for testing.  

3. A Crash Sequence Simulation Module (CSSM) 
to simulate the driver and vehicle with and 
without the ACAT in crash scenarios in order to 
estimate the effects of the ACAT in avoiding or 
mitigating the crash. The CSSM incorporates a 
Simulink model of the ACAT that was provided 
by the ACAT designer, and driver behavior data 
from driving simulator tests. The resulting 
integrated CSSM simulation was then validated 
by comparison to driving simulator and track test 
results. 

4. An Overall Safety Effects Estimator (OSEE) to 
estimate the overall effectiveness and benefits of 
the ACAT. 

The current SIM tool is described in detail in [5, 6]. 

One of the limitations of the current tool is that it was 
originally developed primarily to evaluate 
technologies installed on an LPV to avoid or mitigate 
crashes with fixed objects, other LPVs or pedestrians. 
It was not specifically developed to evaluate LPV 
crashes with motorcycles.  

 

                                                           
2 Based on the ACAT-I reconstructable case criteria listed in 

Tables B-4 and B-5 of [5]. This does not include the more 
stringent documentation of trajectory data (DOCTRAJ) criterion 
added for ACAT-II. 
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Figure 1.  NHTSA-Honda-DRI ACAT SIM Tool 
 

 
Figure 2.  NHTSA-Honda-DRI ACAT SIM Crash 
Scenario Cases (e.g., 2007 data) 
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Proposed Extensions for Motorcycle Conflicts and 
Collisions 

The following extensions or refinements to the 
ACAT SIM tools would be needed in order to 
evaluate the effectiveness and benefits of FCW and 
AEB systems in avoiding and mitigating crashes 
between an FCW/AEB equipped LPV and a 
motorcycle.  

Module 1 Refinements 

The crash scenario database and development tools 
would need to be extended and refined to specifically 
address crashes involving an LPV and a motorcycle. 
This would fill the data gap for motorcycles shown in 
Figure 2. This primarily affects the data for 
submodule 1.1 and the accident reconstruction in 
submodule 1.3. 

The current SIM primarily uses CDS data for more 
severe and reconstructable crash scenarios involving 
LPVs. Therefore the first choice would be to also use 
LPV-MC crash scenario cases from these data as well. 
There are 138 LPV-MC cases in the 2000 through 
2015 CDS data. The main limitation of the CDS data 
is that motorcycles are not CDS applicable vehicles. 
Consequently there are no injury outcome data for 
the motorcycle occupants, which are used by the 
Overall Safety Effect Estimator (Module 4). It may 
be possible to link some cases to FARS, GES, or 
state accident data [13] to obtain the motorcycle 
occupant injury information. 

Another limitation of CDS data is that motorcycles 
are out of the scope of WinSmash Delta-V 
reconstructions methods used by CDS. Therefore the 
Delta-V information currently used by the AART to 
reconstruct LPV-LPV crash scenarios are not 
available to reconstruct LPV-MC crash scenarios. 
Therefore other information about the pre-crash 
vehicle speeds are needed for the accident 
reconstruction. One potential source for this 
information is the EDR data for the subject LPV. 
EDR data with pre-crash speed information are 
currently available for 8 of the 138 LPV-MC cases.3 
The pre-crash speeds for the motorcycle would need 
to be estimated from the posted speed limit (which is 
known for all of the 8 cases), the CDS coded travel 
speed, pre-event movement (prior to the critical 
event), and the attempted avoidance maneuver. 

The distribution of potential motorcycle cases from 
the CDS data is illustrated in Figure 3. The format of 

                                                           
3 EDR data were not available for any 2015 CDS case as of 2017-

04-03. 

this figure is similar to Figure 2. The crash severity in 
this figure does not include the MC rider and 
passenger injuries. Therefore this figure illustrates the 
limited amount of motorcycle crash scenario data 
potentially available from CDS. 

 
Figure 3.  Potential Motorcycle Crash Scenario 
Cases from the CDS data (LPV injuries only) 
 
NASS National Motor Vehicle Crash Causation 
Survey (NMVCCS) [14] and Crash Injury Research 
and Engineering Network (CIREN) [15] data were 
also investigated for potential LPV-MC crash 
scenarios. There were 30 two-vehicle cases involving 
an LPV and a motorcycle in the NMVCCS data. 
Only two of these NMVCCS cases had pre-crash 
EDR speed information which could be used in 
reconstructing the pre-crash scenario. There was only 
one CIREN case involving a motorcycle. 

There are 224 cases in the recently completed 
Motorcycle Crash Causation Study (MCCS) [16] 
involving a single LPV and a single L1 or L3 
motorcycle and no pedestrians. One potential 
limitation of the MCCS data is that a large percentage 
of the cases do not have any injuries coded for the 
LPV driver. It may be possible to link some fatal 
cases to FARS data in order to obtain any missing 
LPV occupant injury information. One could assume 
that the driver was not injured in the other cases. 

It is assumed that the crash can be reconstructed 
based on the pre-crash travel speeds, impact speeds, 
and principal direction of forces of the LPV and MC, 
and other coded information such as the relative 
heading angle and the VIN or make-model-year 
decoded vehicle mass and size properties. 

The distribution of 116 potentially reconstructable 
motorcycle cases from the MCCS data is illustrated 
in Figure 4. The format of this figure is similar to 
Figure 2 except the different symbol types for the 
CSSM data. The number of reconstructable MAIS=1 
cases is underrepresented compared to the more 
severe crashes. 
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Figure 4.  Potential Motorcycle Crash Scenario 
Cases from the MCCS data 
 
The pre-crash trajectory for the motorcycle for the 10 
sec prior to impact can be reconstructed using the 
vehicle dynamics model described in Weir and 
Zellner (1978) [17]. The LPV-MC crash scenario 
reconstruction process could then be implemented by 
a new Automated Motorcycle Accident 
Reconstruction Tool (AMART) that would use coded 
data and scene diagrams as inputs. 

Module 3 Refinements 

The extensions to the crash sequence simulation 
(CSSM) module and postprocessor would involve: 1) 
extending the ACAT system sensor models called by 
the simulation as needed to include motorcycles; 2) 
incorporating the reconstructed motorcycle 
trajectories into the CSSM simulation; 3) measuring 
LPV driver response behavior to motorcycle conflicts 
using a driving simulator tests (e.g., [18]) and 
incorporating the results into the CSSM driver model; 
and 4) adding a new LPV-MC impact simulation and 
injury severity estimator. 

The LPV-MC impact simulation could be based on 
the simulation described in Kebschull et al. (1998) 
[19]. This simulation predicts the probability of AIS 
injury to the head, chest, and abdomen, as well as 
femur and tibia fractures and knee dislocations. The 
simulation was also extended to predict neck injuries 
in [20]. The overall simulation result is an estimated 
Equivalent Life Units (ELU) [21] or Fatality 
Equivalent (FE) injury severity index for the 
motorcycle rider. 

Module 2 and 4 Refinements 

There would not need to be any extensions to 
modules 2 and 4 of the ACAT SIM. 

SAFETY AREA TO BE ADDRESSED BY ADVANCED 

TECHNOLOGIES 

The objective of the ACAT SIM tool with the 
motorcycle extensions is to evaluate the effectiveness 
and benefits of LPV technologies such as FCW and 
AEB in avoiding or mitigating LPC-MC crashes. It is 
assumed that these technologies would primarily be 

effective in crashes where the LPV driver inattention 
is a contributing factor. 

Size of the Crash Problem 

The potential numbers of crashes, involved vehicles, 
and fatalities that represent the size of the problem 
for the entire US motor vehicle fleet are listed in 
Table 1 in terms of non-technology specific crash 
types that have been broadly defined in terms of 
numbers of vehicles involved and vehicle types. 
Some of these crashes are not expected to be 
addressable by an FCW or AEB due to either the 
vehicle application (e.g., not an LPV), the vehicle 
role (e.g., struck vehicle), or other technology 
relevant factors. For example, the results in Table 1 
include 43,000 single vehicle crashes involving a 
motorcycle (i.e., did not involve an LPV), with 1,997 
rider and non-motorist fatalities. These results 
indicate that while motorcycles are involved in less 
than 1% of the crashes, these crashes resulted in 7.5% 
of the overall crash fatalities and 20% of the fatalities 
involving two vehicles.  

Table 1. 
Estimated crash problem size for the entire US 

motor vehicle fleet in the 2015 calendar year 
Crash 
Category 

Crash 
Type 

Estimated Number of 
Crashes 
(1000s) 

Vehicles 
(1000s) 

Fatalities2

1-vehicle All1 1,817 1,817 19,036
2-vehicle Involves

a MC 
50 51 2,636

Other1 4,000 8,049 10,506
3 or more All1 418 1,336 2,914
Total 6,285 11,253 35,092
Sources: GES and FARS data. 
1 Includes crashes that do not involve an LPV.  
2 Includes parked and working vehicles and non-motorists.  

Advanced Technologies 

Candidate technologies include FCW and AEB 
systems. A prototype version of the Honda A-CMBS 
which included these features is described in [5]. 

FCW systems use vehicle speed information and 
forward looking sensors to detect an impending 
forward collision with another vehicle (POV) or 
object and alert the driver. FCWs that satisfy the 
performance criteria specified in [22, 3] for conflicts 
with “a midsize sedan or a dummy vehicle fixture” 
have been a recommended by the New Car 
Assessment Program since the 2011 model year [23, 
24]. 
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AEB systems combine FCW with automatic braking 
that activates if the driver does not react to the alert in 
order to avoid or mitigate the forward collision. 
NHTSA has announced plans to add AEB as a NCAP 
recommended technology beginning with the 2018 
model year [25]. Twenty LPV manufacturers have 
committed to making AEB systems standard 
equipment on US LPVs by September 2022 [26]. 

OBJECTIVE TESTS 

Driving simulator and track tests based on LPV-LPV 
crash scenarios were conducted for the ACAT 
evaluation of the Honda A-CMBS [5]. The driving 
simulator tests were used to determine the driver 
responses to the conflict and system warnings for a 
sample of the reconstructed crash scenarios. A 
subsample of these crash scenarios was also track 
tested to measure and confirm the responses of the 
vehicle, sensor, and driver behavior. Similar tests 
could also be conducted using reconstructed LPV-
MC crash scenarios (e.g., [2]). 

ASSUMPTIONS AND LIMITATIONS 

The results of the extended ACAT SIM tool would be 
based on various assumptions, approximations, and 
limitations, such as the representativeness and 
accuracy of the supporting data and reconstructed 
accident pre-crash scenarios. A number of these 
limitations are described in [5]. 

CONCLUSIONS 

This paper has summarized the data and extensions to 
the Honda-DRI-ACAT SIM tool needed to evaluate 
the effectiveness and benefits of LPV FCW and AEB 
systems in avoiding or mitigating LPV-MC crashes. 
One of the key elements of the SIM are real world 
LPV-MC scenarios, for which several sources were 
investigated. Approximately 100 LPV-MC scenarios 
can potentially be reconstructed from MCCS data, 
with some additional cases potentially from CDS data. 
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DEFINITIONS, ACRONYMS, AND ABBREVIATIONS 

ACAT Advanced Crash Avoidance Technology 
A-CMBS A prototype Honda Advanced Collision 

Mitigation Braking System 
ADAS Advanced Driver Assistance System 
AEB Automatic Emergency Braking system 
CDS Crashworthiness Data System 
ELU Equivalent Life Units (an ISO 13232-5 

measure of Injury Severity) 
FARS Fatality Analysis System 
FE Fatality Equivalents (a NHTSA measure of 

Injury Severity) 
FCW Forward Collision Warning system 
GES General Estimates System 
H-CAAS A preproduction Honda Head-on Crash 

Avoidance Assist System 
KABCO A police reported injury severity scale  
LPV Light Passenger Vehicle (passenger car or 

light truck or van) 
MAIS Maximum Abbreviated Injury Severity 
MC Motorcycle 
MCCS Motorcycle Crash Causation Study 
MY Model Year 
NCAP New Car Assessment Program 
NHTSA National Highway Traffic Safety 

Administration, US Department of 
Transportation 

NMVCCS National Motor Vehicle Crash Causation 
Survey 

PCDS Pedestrian Crashworthiness Data System 
POV Principal Other Vehicle (e.g., a motorcycle) 
SIM Safety Impact Methodology 
SV Subject Vehicle (e.g., an LPV equipped with 

FCW) 
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Abstract 

 

The National Automotive Sampling System Crashworthiness Database System (NASS-CDS) contains cases of 

severe injury side-impact collisions despite the normal activation of occupant restraint devices. A likely cause is that 

an occupant was out of the intended protection area of the side airbag. In this study, MADYMO analysis was 

conducted to analyze the effects of a side airbag on an occupant in such a posture. Panelist evaluation was also 

performed to measure the load and time for a pre-crash seat belt to pull an occupant leaning forward back into the 

side airbag protection area. A THUMS version 5 was used to determine the effects of muscle activity on occupant’s 

pullback time to eliminate individual differences between the panelists. The THUMS was controlled to simulate the 

behavior of a specific panelist. This study shows that the workload of a pre-crash seat belt is related to the pullback 

time, inertia and muscle activity required for an occupant to be pulled back to the side airbag protection area. 
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INTRODUCTION 

Many studies have proven the importance of a side 

airbag in occupant protection [1-4]. NASS-CDS, 

however, includes torso injuries from intruding 

interior components on the side despite the fact that 

the side airbag deployed. One possible cause is that 

the severity of the collision had exceeded the 

intended design conditions. Another likely cause is 

that an occupant was out of the side airbag protection 

area at the time of a crash and could not enjoy 

appropriate protection from the device because, for 

example, he or she was leaning forward to look both 

ways at an intersection or to avoid danger. This study 

focuses on a driver who is leaning forward to look 

both ways for safety in a static vehicle without 

deceleration G-force, and aims to identify the 

following. 

1) Effects of the protection performance of a side 

airbag on an occupant outside the protection area in a 

side impact event.                   
2) Requirements of a device for pulling a slouching 

occupant back into the protection area prior to a side 

impact collision. 

 
METHODS 

 

MADYMO 

The MADYMO analysis in this study reveals how 

the protection performance of a side airbag affects 

an occupant out of the side airbag protection area 

in the event of a side impact. The analysis 

compares the load on the World SID AM50 torso 

between a normal seating posture and a leaning 

forward posture (Figure 1) by using the MDB side 

impact crash pulse shown in Figure 3. The side 

airbag was four-segmented and deployed in 

advance. Each segment was provided with airbag 

characteristics and door collision speed (Figure 2). 

The deployment behavior of the airbag was not 

considered. 

 
Figure 1.Normal seating posture (left) and 

forward bent posture (right) 

 

 

 

 

 

 

 

 

 

Figure 2.  Side airbag model 

 

 
Figure 3.  Change in door velocity in side impact 

 
Panelists 

A pre-crash seat belt is a device that can pull an 

occupant leaning forward back into the side airbag 

protection area. Panelists were evaluated to 

measure how long it took for a pre-crash seat belt 

to pull an occupant leaning forward back into the 

side airbag protection area in a mid-sized sedan 

mock-up (Figure 4). An optical tracking device 

was used to measure the behavior of a panelist 

with a tracking marker on his or her thoracic 
vertebra T1.The side airbag protection area defined 

in the evaluation is a zone large enough to hide the 

torso behind a deployed side airbag. Each panelist 

was told to lean forward in a seat of a static mock-

up to simulate an occupant looking both ways at an 

intersection with poor visibility. The seating 

position was optimally adjusted to driving posture 

for each panelist.  The arms were positioned to 

simulate a driver properly holding the steering 

wheel. The panelists were not informed in 

advance of when the pre-crash seat belt would 

work. After a while, the device was activated. All 

the panelists, different in body weight, were pulled 

back into the protection area by the same pullback 

load. The motion and pullback time of the torso 

were recorded. 
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Figure 4.  Panelist evaluation in static vehicle 

 
THUMS 

Finite element (FE) human body model 

To measure how long it took for a pre-crash seat 

belt to pull an occupant leaning forward back into 

the side airbag protection area, the 50th percentile 

male THUMS version 5 was used. The THUMS 

version 5 can control muscle activity without 

individual difference. THUMS version 5 is a finite 

element human model containing all muscles in the 

body. It can simulate the posture of an occupant 

prior to impact and brace itself, enabling us to 

predict injury to an occupant in the similar posture. 

The THUMS has modeled muscles in major 262 

body regions except for the face. Based on 

Literature [5], this study inferred muscles required 

for a pre-crash seat belt to pull the torso leaning 

forward back. Seven muscles in the neck, the torso 

or the lower limb, which work for forward or 

backward bending, were activated (Table1). 

 

 
Figure 5. THUMS version.5. 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Activated muscle part 

 
 
 
 
 
 
 
 
 
 
 
 

Muscle activity at the time of pre-crash seat 

belt activation In this study, occupant muscles were 

moved to change the posture when a pre-crash seat 

belt worked. A closed loop control system was used 

to predict occupant motion at the time (Figure 6). 

The activity data of muscles acting on postural 

change, obtained from the displacement and velocity 

of a chest, was fed back at fixed time intervals to 

simulate the occupant postural change [6]. 

The proportional-differential controller was used to 

handle the muscle activity data. Each muscle activity 

was controlled so that the displacement 

(proportional-control) and velocity (differential-

control) of the THUMS T1 can be the same as those 

of the chosen panelist T1 respectively. The muscle 

strength was adjusted by time unit. Through multiple 

regression analysis, each muscle activity was 

expressed as a function of the displacement and 

velocity of the T1, which were incorporated into the 

closed loop control. From the above, if a load 

condition for the THUMS is milder than that for the 

panelist with a pre-crash seat belt, muscle activity is 

predictable. In other words, this study assumes that 

occupant’s postural change is predictable. The 

panelist referred to in this analysis is a person of 

median weight of the population. 

 

 

 
Figure 6. Closed loop control system for muscle 

activity. 

Body part Muscle 

Neck 

Sternocleidomastoid 

Longus capitis 

Splenius capitis 

Semispinalis capitis 

Chest & 

Abdomen 

Rectus abdominis 

Erector spinae 

Lower limb Hamstrings 

Protection area 

T1 marker 

Forward-bent posture 

Protection area 

 

━：Activated Muscle 

Velocity 
Displacement 

Muscle 
activity 

Displacement and velocity 
of T1 

 

Forward-bent 
posture 

PSB 

worked 
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Calculation conditions With various load 

characteristics, a muscle-active THUMS was 

analyzed to identify the workload and time 

required for a pre-crash seat belt to pull an 

occupant back into the protection area (Cases 1 to 

4).The acceleration considered in the analysis is 

limited to gravity, not deceleration G-force.  

A rigid seat was used. The defined protection area 

stretches to the point 140 mm behind T1 of a 

slouching torso (Figure 8).Workload was 

calculated from the product of the retractor load 

and the seat belt travel distance. 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Load characteristics 

 

 
 

 

Figure 8.  Defined protection area 

 

Then muscle activity and inertia were examined in 

the following manner because they seemed to affect 

the workload. To examine the effects of muscle 

activity on the workload, Case 5, which belongs to 

the slow pullback side of the panelist results, was 

analyzed. With Cases 5 and 6 the effects of muscle 

activity on the workload were analyzed. A muscle-

inactive model was also used to examine the effects 

of inertia on the workload. Cases 7 and 8 underwent 

the same load characteristics as in Cases 1 and 4. 

Cases 9 and 10 simulated the pullback time in Cases 

1 and 4.Furthermore, a muscle-active model was 

compared with a muscle-inactive one to analyze the 

effects of muscles on occupant behavior. Case 1 is 

muscle-active. Case 7 is muscle-inactive. 

Table 2. Simulation Cases 

Case 

Load 

characteristics 

(Figure 7) 

Muscle 
Muscle 

active level 

1 I Active Median 

2 II Active Median 

3 III Active Median 

4 IV Active Median 

5 I Active Slow 

6 IV Active Slow 

7 I Inactive - 

8 IV Inactive - 

9 V Inactive - 

10 VI Inactive - 

 

RESULTS 

 

MADYMO 

The region under the rib area of a slouching occupant 

outside the airbag protection area was subject to 56 

percent higher force. This result proves that pullback 

by a pre-crash seat belt is effective in relaxing the 

force (Figure 9). 

 
Figure 9.  Contact force of rib with interior parts 

and airbag 

 
PANELIST 

The panelist evaluation shows variation in pullback 

time between individuals despite the same load 

application (Figure 10). The pullback time varied 

when the same load was applied to the same person. 

No positive correlation was found between pullback 

time and body weight.  
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Figure 10.  Pullback time under a load of 285 N 

 

THUMS  

 

The THUMS analysis finds the relationships between 

the workload and time required for pulling an 

occupant leaning forward back into the protection 

area. Under the condition that the load increases at a 

high rate, the pullback time is short but the workload 

is high (Figure 11). When the load increases at a mild 

rate, the pullback time is long and the workload is 

low. In short, high workload is required for short 

pullback time.  

 
Figure 11. Workload and pullback time under 

different load characteristics. 

(The workload of Case 1 is assumed as a unit of 

workload.) 

Although rigid dummy evaluation yields the same 

amount of workload for the same displacement, this 

study produced different workloads. The possible 

causes are muscle activity and inertia. 

 

     Effects of muscle activity Regardless of 

difference in muscle activity, in both the median 

pullback time cases (Cases 1 and 4) and the long 

pullback time cases (Cases 5 and 6), higher workload 

was required for the shorter pullback case (Figure 12). 

Under the same load characteristics, the long 

pullback time cases (Cases 5 and 6) need higher 

workload. This confirms that occupant’s muscle 

activity affects the workload. 

 
 
Figure 12.  Workload and pullback time under 

different muscle activity. 

(The workload of Case 1 is assumed as a unit of 

workload.) 

Effects of inertia Under the condition that the 

load increases at a high rate (Case 7), the workload is 

higher than in Case 8, where the load increases at a 

mild rate (Figure 13). The similar result is found in 

Cases 9 and 10, which simulated the behavior of the 

muscle-active Cases 1 and 4 respectively (Figure 14). 

 
Figure 13.  Workload and T1 displacement 

(The workload for a displacement of 70 mm in 

Case 7 is assumed as a unit of workload.)  

 
Figure 14.  Workload and T1 displacement  

(The workload for a displacement of 100 mm in 

Case 9 is assumed as a unit of workload.) 
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The comparison between a muscle-active model and 

a muscle-inactive one finds how muscles affect 

occupant’s behavior (Figure 15). With the same load 

characteristics, the muscle-active model started to 

move later than the muscle-inactive one, but reached 

the protection area earlier. 

  
Figure 15.  T1 displacement of muscle-active 

model and muscle-inactive model 

 
 
DISCUSSION 

 

Effects of difference in load characteristics on 

muscle activity 

Figure 16 illustrates the muscle activity of T1 140 

mm behind the forward head posture. The difference 

in erector spinae activity between Case 5 and Case 6, 

where the load characteristics are different from each 

other, was found to be smaller than the variation in 

the panelist evaluation between Case 1 and Case 5.  

 

 
Figure 16. Muscle activity of erector spinae 

for a T1 displacement of 140mm. 

(The muscle activity of Case 1 is assumed as a 

unit of muscle activity.) 

 
Effects of inertia on workload 

Difference in the workload appears when T1 starts to 

move (Figures 13 and 14) and is affected by inertia, 

by which T1 continues to stay in that position. Under 

the condition of a high load increase rate, a large 

amount of energy is required at the beginning of the 

movement, compared with the mild load increase 

condition.  High workload is required for short 

pullback time because the shorter the pullback time is, 

the more strongly it is affected by inertia. 

 

Comparison of muscle-active model with muscle-

inactive model 

Figure 15 shows the difference in T1 displacement 

between the muscle-active model and the muscle-

inactive model. Figure 17 illustrates the activities of 

erector spinae and rectus abdominis of the muscle-

active dummy. When an occupant starts to move 

backward, the rectus abdominis works to slow the 

movement. This means that the abdominal muscle 

contributes to slow pullback time. On the other hand, 

the erector spinae greatly work later and helps to 

shorten the pullback time. 

Figure 17. Muscle activity 

(The muscle activity for a T1 displacement of 140 

mm is assumed as a unit of muscle activity.) 

 
 
LIMITATION 

 
In the real world, occupant posture may be diverse; 

drivers hold a steering wheel differently, brace 

themselves differently, or lean forward at different 

angles. This study, however, evaluated a model 

leaning at a specific angle in a static vehicle. Since 

deceleration caused by pressing the brake may be 

involved in reality, the stated time and load required 

for pulling an occupant back into the protection area 

in this study are not necessarily applicable to any 

circumstance. This study does not consider whether 

or not an occupant can detect an approaching 

collision at the necessary timing to return to the 

protection area. For the reasons above, various 

conditions may need to be considered in the future. 

 
 
CONCLUSION 

 
Through the MADYMO analysis of the effects of 

restraint performance on a slouching occupant 
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outside the side airbag protection area, and the 

panelist and THUMS version 5 evaluations of the 

muscle activity-involved requirements of a pre-crash 

seat belt for pullback, our findings are as follows. 

1) The region under the rib area of a slouching 

occupant outside the airbag protection area was 

subject to 56 percent higher force. This means 

that the pullback into the protection area by a pre-

crash seat belt is effective in relaxing the force 

applied on the chest. 

2) High workload is required for pulling a slouching 

occupant back into the protection area in a short 

time. Inertia affects the workload. High erector 

spinae activity can speed backward leaning and 

decrease workload, resulting in a short pullback 

time.The variation in muscle activity found in the 

panelist evaluation is larger than the difference in 

muscle activity under the conditions of different 

load characteristics. 
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ABSTRACT 
 
The objective of this study was 2-fold : the first, to compare with the joint probability of injury of the dummy seated 
on driver & passenger seat for introducing the FFRB(Full Front Rigid Barrier) impact test, ODB(Offset Deformable 
Barrier) frontal impact test and MDB(Moving Deformable Barrier) side impact test in KNCAP; and the second, to 
propose the direction of improving protocols of crash test in KNCAP(Korea new car assessment program) 
according to the review of real-world crash data in Korea. 
The effectiveness of improvement for the injury criteria of dummy from introducing crash test in NCAP was 
reviewed by comparison with the average joint probability of injury for each vehicle in case of FFRB  impact test, 
ODB frontal impact test and MDB side impact test. The average joint probability of injury for each vehicle was 
calculated by average of injury criteria for dummy response on driver and passenger seat. The analysis of real world 
crash data in Korea was used the data of domestic insurance company. In order to analyze of injuries severity 
through star rating of KNCAP, MAIS was used. The comparison of MAIS between 3- star and 4+ star rated vehicles 
case of frontal, offset frontal and side impact crash test in KNCAP was performed. It was reviewed that the 
reduction of the average joint probability of injury for dummy according to the implement of crash test in KNCAP. 
The average  joint probability of injury on FFRB  impact test is dropped gradually from  21.17% in 2003 to 11.21% 
in 2016. In case of ODB frontal impact test, the average value for each year  value of tested vehicles fell to 8.43% in 
2016 from 10.76% in 2009. Through the review of insurance company's data, frontal crash accidents, rate of 
MAIS3+ is 2.88% for vehicles that obtain 4+ star at KNCAP and 4.36% on 3- star. In ODB frontal impact test, rate 
of MAIS3+ is 2.62% for vehicles that obtain 4+ star at KNCAP and 14.28% on 3- star. In MDB side impact test, 
rate of MAIS3+ is 1.9% for vehicles that obtain 4+ star at KNCAP and 2.8% on 3- star. 
The effectiveness of injury mitigation at FFRB  impact test, ODB frontal impact test and MDB side impact test 
according to the implementation of KNCAP is demonstrated by the analysis of real-world crash data. And also the 
rate of MAIS3+ injury rated 4+ star vehicle is lower than 3- star in similar accident. Through this research, 4+ star 
rated vehicle is safer than 3- rated vehicle in Korea. In order to improve vehicle safety, female and child occupant 
safety will be introduced in crash test protocols from 2017. Also, the next roadmap will be considered in a near 
future to upgrade vehicle crash safety in Korea. 
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INTRODUCTION 

With the development of motor vehicles, the safety of 
motor vehicles has been steadily developed. In 
particular, the safety of occupants in the event of 
vehicle collision accidents has dramatically improved 
with the development of seat belts and airbags, and 
continues to evolve. This development is considered to 
be the result of the willingness of the manufacturer to 
secure safety and the efforts of governments around the 
world to improve vehicle safety standards. Motor 
vehicle safety standards are the most basic and 
mandatory regulations to ensure the safety of vehicles.   
In 1978, the United States firstly introduced the new 
car assessment program(NCAP) in order to induce 
production to be safer than vehicles developed by 
regulations. Europe began in 1995 with the support of 
EuroNCAP committees in European countries and 
automobile clubs. Since 1999, under the 
superintendence of Ministry of Land, Infrastructure and 
Transportation, Korea Automobile Testing and 
Research Institute(KATRI) has been publicizing results 
of car safety assessment. In August 2002, the Motor 
Vehicle Management ACT was amended to include the 
provision of the NCAP for the continuous enforcement 
of the Korean New Car assessment Program(KNCAP). 
It was from 2003 that the KNCAP officially started.  
In Europe, the several studies on the effect of the 
implementation of the NCAP and the expansion of the 
protocols on the casualty reduction in actual traffic 
accidents were conducted.  In Korea, however, few 
such studies have been conducted since its 
implementation. The study by Lie et al.(2001) 
published a study showing a significant correlation 
between EuroNCAP scores and Folksam car model 
safety injury ratings where 4 star rated Euro NCAP 
cars had a lower risk of serious injury than 2 and 3 star 
rated cars. The Swedish Transport Administration 
published a study on the correlation between Euro 
NCAP results and injury risk based on real-world 
crashes in 2002(Lie and Tingvall). Injury indicators in 
Police reports   were used as the injury descriptors. It  
demonstrated the possibility to use police data for this 
purpose. In this study, they identified a consistent 
correlation when the risk of a fatal and serious injury 
was the dependent variable, although no correlation 
was found for minor injuries. The study by Famer(2005) 
in Insurance Institute for Highway Safety (IIHS) 
published a study of the relationship between IIHS 
frontal offset crash test ratings and real-world fatality 
rates. A trend for good rated vehicles to have lower 
fatality rates was found, although the correlation was 
not uniform across all vehicle groups. In 2002, the 
Swedish Transportation Authority and the Monash 
University Traffic Accident Research Center in 

Australia conducted a study on the effects of 
EuroNCAP(frontal and lateral collision safety 
assessment) on injuries in actual traffic accidents. The 
study shows that the probability of AIS3+ injury for 3 
to 4 star rating is approximately 30% lower than that 
for 1 to 2 start rating. It also shows that one star in 
AIS3+ injury represents a 12 percent difference in 
probability. 
The purpose of this study is to identify the trend in 
dummy-based AIS3+ injury probability using vehicle 
crash tests under the KNCAP, investigate the 
effectiveness of KNCAP results in the actual occupants 
safety in traffic accidents by analyzing accident data of 
Samsung Fire & Marine Insurance Company and make 
suggestions regarding how to improve the crash test in 
KNCAP. 
 
ABOUT KNCAP 
 
In KNCAP, 22 testing protocols are currently used, 
which are categorized into four parts: crash safety, 
pedestrian safety, driving safety and active safety. The 
scores for each protocol and the overall scores are 
publicized for all tested vehicles. To look at the 
expanding vehicle model of KNCAP, the first KNCAP 
was conducted on passenger cars in 1999. In 2005, the 
assessment program was expanded to include vans with 
gross vehicle weight (GVW) of no more than 4.5 tons 
and small size trucks in 2007, respectively. 
For test protocols, the program adopted its first FFRB 
impact test in 1999. In 2001, it adopted a braking safety 
test under which the braking distance is measured after 
the test vehicle's brake is applied with full force at a 
speed of 100 km/h. In 2003, it adopted a side impact 
test where a moving deformable barrier is driven at 55 
km/h to the side of the test vehicle at 90 degrees. In 
2005, two test protocols were added: i) rollover test 
where the test vehicle makes a steep turn to determine 
what is the risk of rollover during drive and ii) head 
restraint measurement test where the height and 
clearance of the head restraint to reduce neck injury in 
the event of low-speed rear impact. In 2007, the 
program adopted pedestrian (head impact) test to 
estimate the potential risk of head injury when a 
pedestrian is struck by a vehicle. In 2008, it expanded 
the pedestrian test to include leg impact. In 2008, the 
program adopted a whiplash test where neck injuries 
are measured using a BioRIDII dummy placed in a seat 
and subject to rear impact at 16 km/h. This test was 
integrated with a head restraint measurement test and 
included in the area of crash safety. In 2009, the 
program adopted an ODB frontal impact test to 
estimate the structural rigidity of the test vehicle and 
the protection provided by the vehicle for the occupant. 
In 2010, it added a side pole impact test upon request 
from manufactures as part of an effort to help them 
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reduce casualties due to critical head injury. Altogether 
a total of 8 test protocols have been applied. In 2010, 
the program adopted the crash overall rating system 
based on the combined score for the five impact tests: 
frontal impact, offset frontal impact, side impact, side 
pole impact and whiplash test. 

 

 

Figure 1. Annual enforcement protocols and number 
of tested vehicles  

In 2013, it started to assess safety for female occupants 
in the FFRB impact test by using a hybrid 5% female 
dummy seated in the front passenger seat. In the same 
year, the overall rating system expanded the existing 
crash overall rating system to cover all four parts - 
crash safety, pedestrian safety, driving safety and 
active safety - to help consumers gain a better 
understanding and improve safety across all parts. In 
2014, it adopted a test to determine the performance of 
an active pedestrian safety system, including the 
pedestrian airbag and active hood as part of pedestrian 
safety assessment. In 2015, the program changed the 
impact leg form to Flex-PLI for better bio-fidelity and 
adopted grid method to identify head impact points. In 
the same year, the weight of the moving barrier used 
for the side impact test increased from 950 kg to 1,300 
kg, and the deformable barrier set up at the front of the 
barrier was replaced by AE-MDB.    
These protocol changes were intended to take into 
account changes in vehicles launched in Korea in terms 
of vehicle weight, front shapes and etc. Starting from 
2015, the method of impact in the side pole impact test 
changed from 29 km/h at 90 degrees to 32 km/h at 75 
degrees. To cope with phenomenal development and 
emergence of state-of-the-art safety devices, 11 items 
such as AEB and etc. will be evaluated from 2017 
 
METHODOLOGY 
 
The improvement in probability of dummy injury 
resulting from the adoption of impact safety test 
protocol can be represented by the joint probability of 
injury calculated from AIS3+ injury risk for head, neck 

and chest and AIS2+ injury risk for femur using a 
dummy placed in the driver's seat and the passenger 
seat, respectively, in the FFRB impact, ODB frontal 
impact and MDB side impact tests. The joint 
probability of injury risk is the average of those for the 
driver's seat and passenger seat.  
The probability of dummy injury risk was used HIC15, 
Nij, chest displacement and femur data. The joint 
probability of injury risk was calculated using the 
following formula (equation 1). 
 

 (Equation 1) 
 

For FFRB frontal and ODB frontal tests, dummy data 
for the driver's seat and the front passenger seat were 
used to calculate the joint probability of injury risk and 
annualized to derive the average joint probability injury 
for the entire target vehicles. For FFRB impact tests, 
results from tests using a hybrid 5%ile female dummy 
adopted in 2013 were used. For MDB side impact tests, 
dummy data for the driver's seat was used. Comparison 
of the joint probability of injury in FFRB impact tests 
and MDB side impact tests was based on data from 
2003 when the tests were officially adopted. The 
comparison for ODB frontal impact tests was based on 
the annual average joint probability of injury from 
2009.  
For a review of real-world crash data, data from 
domestic insurance companies were used. Data on 
traffic accidents reported to insurers in the 16 cities and 
provinces of Korea between 2011 and 2013 that 
involved a repair cost of 2 million won or more were 
used. The severity of accidents was determined using 
photos of the crash extent. Relevant data were collected, 
such as models, model years, ages of occupants, gender, 
position in the vehicle, whether seat belts were used or 
not, diagnosis, AIS, duration of treatment including 
days of hospitalization. The data of the accident 
investigation were from cases in which the insurance of 
the accident vehicle was terminated. Because of the 
impossibility to measure actual vehicles involved, we 
classified the SAE CDC using the vehicle damage 
photographs. The depth and height of damage in each 
occurrence were subjected to the same standards while, 
for orientation, the depth of damage was analyzed for 
each damage point. In addition, collected data were 
categorized according to the direction of the accidents 
to identify frontal and side impacts. For example, an 
accident is defined as frontal impact if the direction of 
impact is 11 o'clock, 12 o'clock or 1 o'clock while it is 
defined as side impact if the direction of impact is 2 
o'clock, 3 o'clock or 4 o'clock, or 8 o'clock, 9 o'clock or 
10 o'clock. The figure below shows how to categorize 
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crash part and extent in vehicles damaged by frontal 
impact and side impact.  

 

      

(a) Full & offset crash        (b)  Side crash 

Figure 2  Method of accident crash extent classification. 

For accident injury data, the Maximum Abbreviated 
Injury Scale (MAIS) was used. MAIS comparison was 
made against 4+ star rated vehicles  and 3- star rated  
vehicles with respect of FFRB impact, ODB frontal 
impact and MDB side impact test.  
 
MATERIALS 
  
KNCAP started in 1999, conducting a FFRB impact 
test only on three models. Through to 2016, a total of 
153 models including 146 passenger car models, 5 van 
models and 2 truck models were assessed in the crash 
test. For FFRB impact test, 153 models were tested and 
120 models were tested in MDB side impact test and 
94 models were tested in ODB frontal impact test. The 
FFRB impact test data used for this study are those 
from tests on 129 models between 2003 and 2016. For 
MDB side impact, tests on 120 models were used while 
for ODB frontal impact tests on 94 were used.  
The real-world accident data used for this study are 
from domestic insurance companies. Data on traffic 
accidents reported to insurers in the 16 cities and 
provinces of Korea between 2011 and 2013 that 
involved repair cost of 2 million won or more were 
used to the extent that the crash part and scope can be 
identified through photos of the vehicles involved. 
Analyzed data on frontal impact accidents including 
offset frontal impact ones reported to domestic 
insurance companies are from 5,638 vehicles, while the 
data on side impact accidents are from 4,136 vehicles. 
Analyzed data on injury in frontal impact accidents, 

including offset frontal impact ones for injury analysis 
are from 6,400 people and data on injury in side impact 
accidents are from 5,415 people to the extent that they 
used seat belts at the time of their accidents.  

Table 1. Analyzed accident data 

Category 
frontal impact 

accidents 
Side impact 

accidents 
No. of vehicles 5,638 4,136 
Injured person 8,195 6,347 
Injured person 

with belt 
6,400 5,415 

 
RESULTS 
 
The annual decrease in the dummy-based average joint 
probability of injury was confirmed by implementation 
of crash test in KNCAP. For FFRB impact, the annual 
average probability if injury for all the vehicles tested 
in each year dropped gradually from 21.7% in 2003 to 
11.21% in 2016. For ODB frontal impact test, the 
average fell to 8.43% in 2016 from 10.76% in 2009, 
while it dropped for MDB side impact to 4.00% in 
2016 from 18.63%  in 2003. 

 
Table 2. Annual average joint probability of injury 

 Year FFRB test ODB test SIDE test 

2003  21.17% Non test 18.63% 

2004  12.70% Non test 32.60% 

2005  19.15% Non test 3.80% 

2006  23.70% Non test 19.50% 

2007  18.07% Non test 8.25% 

2008  11.80% Non test 14.00% 

2009  8.49% 10.76% 10.50% 

2010  12.84% 9.79% 5.42% 

2011  12.67% 13.26% 4.73% 

2012  11.38% 10.00% 4.00% 

2013  11.77% 9.34% 3.09% 

2014  11.26% 8.81% 3.00% 

2015  10.96% 8.46% 3.58% 

2016  11.21% 8.43% 4.00% 

 
In the case of FFRB impact, even though the annual 
average the joint probability of injury decreased, the 
value is converged to around 10%. It has been 
confirmed that neck injuries are the most influential 
injury over the last five years' data. At 6.33% to 7.32 %, 
the probability of a neck injury (AIS 3+) is twice as 
high as that of HIC15 or chest deflection. Although the 
figures not high, there is a need to reduce neck injuries 
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as represented by the dummy through an improvement 
of safety devices(safety belts, airbags, etc.).  
As far as ODB frontal impact test is concerned, the 
annual average joint probability of injury continued to 
fall, but started to converge to around 8%. Over the last 
five years, the probability of injury is 9.01% on 
average, around 20% lower than that for FFRB impact 
test, which stands at 11.32%. This suggests that driver 
and passenger occupants in offset frontal crash are less 
likely to cause serious injury than full frontal crash in 
real-world accident. As far as MDB side impact test is 
concerned, the probability of injury is converging 
around the 3% by introducing the side airbags. The 
average joint probability of injury for the last 5 years is 
3.53%, a figure significantly lower than that for 
dummy-based FFRB and ODB frontal impact test. 
There will be variability depending on the adoption of 
WorldSID. 
The average crash extent for vehicles involved in 
frontal impact accidents in Korea was 2.03. The 
accident occurred the offset frontal impact slightly 
greater than that for full frontal impact. As far as offset 
frontal impact accidents are concerned, the principle 
direction of force (PDOF) of the driver side was 28.9% 
and the passenger side was 29.4%. It shows little 
difference between them. The crash extent of the 
vehicle analysis subject to side impact accidents was 
1.73. Cases where only the passenger room was 
damaged, which KNCAP covers, account for only 6.5% 
of the total while cases including those where the 
passenger room is included in the damaged part 
account for 50.8% of the total. This means that half of 
the total side impact accidents involve partial or full 
damage to the passenger room. Crash extent level 3 
was applied to the real-world frontal crash data to get 
1,434 accidents. From these accidents, a total of 1,798 
occupants out of 2,099 who had got injured while 
seated in the first row were selected for analysis. A 
total of 456 were found to get injured in full frontal 
impact accidents, while 674 were injured in the driver's 
seat offset frontal impact, and 668 in passenger seat 
offset frontal impact. Female occupants were found to 
be 1.37 times more likely to get serious injury than 
their male counterparts when seated on the driver's seat 
and twice as likely when seated on the passenger seat. 
Comparison of crash extent between the same class 
vehicles shows that the good rating, the less likely it is 
for MAIS 3+ injury to occur. Comparison between 
vehicles with the same rating shows that the greater the 
crash extent, the more likely it is for MAIS 3+ injury to 
occur. At a low crash extent, the good overall rating, 
the less likely it is for severe injury to occur. As far as 
crash extent in offset frontal impact accidents are 
concerned, analysis of the rate of MAIS 3+ shows that 
the good rating in KNCAP is, the less likely it is for the 
occupant to get MAIS 3+ injury. In addition, in terms 

of crash extent, the vehicles with good rating in offset 
frontal impact test have been identified the less likely 
for the occupant to get MAIS 3+ injury 
Analysis of frontal impact accidents shows that the 
ratio of those who have suffered an MAIS 3+ injury 
seated in vehicles having 4 to 5 star rating in full and 
offset frontal impact test is 66.1% in the case of full 
frontal impact and 18.3% in the case of offset frontal 
impact. These figures are 1.5% and 11.7% lower than 
those for vehicles having 3- star rated. Due to the 
insufficient number of 3-star rated vehicles in case of 
offset frontal impact accidents, it was compared with 
the unrated models in additional analysis.  
Crash extent level 3 was applied to the real-world side 
impact data to get 676 accidents. From these accidents, 
a total of 846 occupants out of 1,019 who had got 
injured while seated in the first row were selected for 
analysis. In this study, the crash extent level 2 was 
applied to get 2,579 accidents because of not much 
case of crash extent level 3in the side impact accident 
data. From these accidents, a total of 4,037 occupants 
who had got injured while seated in the first row were 
selected for analysis. Comparison of crash extent 
between the same class vehicles shows that the good 
rating, the less likely it is for MAIS 3+ injury to occur.  
Analysis of the side impact accidents shows that the 
ratio of those who have suffered an MAIS 3+ injury 
seated in vehicles having 4+ star rating are 53% lower 
than the vehicles having star rating of 3- star.  Also far 
side occupants injury is more sever then near side.  
Data from domestic insurance company were reviewed 
to gain insight into real-world crashes that occurred in 
Korea. The rate of MAIS3+ injury in frontal impact 
accidents involving KNCAP 4+ star rated vehicles is 
2.88%,while the figure for 3- start rated vehicles is 
4.36%. As far as offset frontal impact accidents are 
concerned, the rate for 4+ star rated vehicles is 2.62%, 
while the figure for 3- start rated vehicles is 14.28%. 
As far as side impact accidents are concerned, the rate 
for 4+ star rated vehicles is 1.9 % while the figure for 
3- start rated vehicles is 2.8%.  
 
DISCUSSION 
 
Based on the annual average joint probability of 
dummy injury as shown in KNCAP results, the 
probability of an injury is gradually decreasing. This 
study, however, did not show to make comparison 
across different vehicle types such as sedan and SUVs. 
Even though, this study shows that the joint probability 
of injury is greater in FFRB impact test and frontal 
impact accidents than in ODB frontal impact test and 
offset frontal impact accidents.  
In 2010, Swedish Transportation Authority and the 
Monash University Traffic Accident Research Center 
in Australia reached conclusion after comparison 
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between injury probability based on star rating and 
real-world data. Five-star rated cars were found to have 
69 ± 32 % lower risk of fatal injury than 2-star rated 
cars. The corresponding risk reduction for fatal and 
serious injuries was found to be 23 ±8 %. This is in 
contrast with the conclusion reached in this study based 
on the types of actual accidents. 
Analysis of side impact accidents shows that MASI3+ 
injury on near side occupants is similar among the 
good rated vehicle in MDB side impact test. However 
far side occupants are found to have increased in 
MAIS3+ injury. From this study, it seems necessary to 
introduce the far side impact test.  
In this paper, the trend of the average joint probability 
of injury under the test protocols and the severity of 
accidents based on star rating is provided. Even though 
KNCAP star rating system is not based on injury 
probability, but vehicles that have received 4+ star 
ratings in test are found less likely to cause injury in 
real-world accidents. This suggests that KNCAP has a 
positive impact on it. The study of correlation between 
star ratings and real-world accidents will be improved 
if  have official Korean in-depth accident study system. 
From this research, KNCAP was be gradually 
strengthened through the test of female drivers and 
occupant seated on passenger side in the FFRB impact 
test and the test of children seated on rear seats in ODB 
frontal impact test. Furthermore, it is necessary to 
review the car to car and far side test protocols which is 
being promoted internationally, and to reinforce the 
safety of vehicles through the development of 
evaluation methods that can represent real car to car 
crash accidents in Korea. 
 
CONCLUSION 
 
This study demonstrated that the effect of injury 
reduction by FFRB impact, ODB frontal impact and 
MDB side impact test of KNCAP was confirmed based 
on real-world crash data analysis. 
The injury of MAIS 3+ for 4+ star rated vehicles in full 
frontal crash accidents is 2.88% while that for 3- star 
rated cars is 4.355. As far as offset frontal impact 
accidents are concerned, the rate for 4+ star rated 
vehicles is 2.62%, while the figure for 3- start rated 
vehicles is 14.28%. As far as side impact accidents are 
concerned, the rate for 4+ star rated vehicles is 
1.9 %,while the figure for 3- start rated vehicles is 
2.8 %. With lower rate of MAIS3+ injury, 4+ star rated 
vehicles are found to be safer than 3- star rated ones in 
the similar type of accidents in Korea.  
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ABSTRACT 

Side collision accidents were the most frequent and fatal traffic accidents in Korea. The safety  regulations and 

KNCAP (MDB and Pole side test) only protect the near side driver. Since 2003, the safety standard and KNCAP 

were established to protect occupants from the side collision type accidents in Korea. However, from 2014 police 

accident data, fatalities from side collision type of accidents were 555 and the ratio was 30%. The injured 

occupants were 92,300 and ratio was 34%. In this police data, all fatality and injury of participants that involved 

this accident were counted even though one who experienced frontal structure of vehicle was impacted.  

The objective of this study was to investigate the severity of side impacts in KIDAS. Recently, KIDAS (Korea In-

Depth Accident Study) has been established and collected the accident data from four different medium size cities 

from 2012. Among 2,080 cases of all accidents, 217 cases of side impacts were investigated. In this data analysis, 

seated position, vehicle damage, impact speed, impact direction, vehicle type, gender, age, height and weight 

were selected as influence variables to identify the severity of injury and injured body parts. From the limited real 

accident data analysis, the number of accident and injury severity between near and far side impact were almost 

equivalent. 

The side impact test with far-side seated dummy was conducted and analyzed to compare with near side impact 

test results. On the comparison, both dummy injury and kinematics was investigated.  

In the paper, the test results for injury severity for near and far side occupants were compared as well as the 

kinematic behavior of dummy motions. New assessment criteria for far side occupant in side impact was proposed 

as KNCAP far side occupant protection test method and effectiveness of the center air bag system 

 

INTRODUCTION 

 

The main objective of both side impact research and 

side impact regulation to date has been to protect 

occupants located on the struck side of a passenger 

vehicle. However, occupants of the non struck, or far 

side, of the vehicle are also at risk of injury. The 

mechanism of far side impact injury is believed to be 

quite different than that for near side impact injury. 

Far side impact protection may require the 

development of different countermeasures than those 

which are effective for near side impact protection.  

 

From side crashes, caused by a car or truck or by a rigid 

object impact, the driver is still the most dominant and 

frequently injured occupant, yet for front seated 

occupants, near and far side crashes seem equally 

dominant in terms of fatalities. Not until recently, 

there was not much of researches in far side analysis 

and test criteria, this crash mode has not been 

addressed by safety regulations or consumer 

information ratings. An extensive international 

collaborative research project on far side safety has 

been conducted in 2009 [1].  

 

There have been a number of international and US 

studies of far-side crash data that can provide a basis 

for comparing how the safety environment in far-side 

crashes has changed. Gabler [2] analyzed NASS CDS 

1993-2002 data, showed that the median lateral delta-
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V for belted front seat occupants exposed to a far side 

impact was 12 km/hr. The median lateral delta-V for 

serious (AIS 3+) injuries was 28 km/hr. A principal 

direction of force of 60 degrees was most likely to be 

associated with serious injury. A PDOF of 60 degrees 

+/- 15 degrees were experienced by 60% of the 

seriously injured persons.  

 

The body regions with the highest number of AIS 3+ 

injuries were: chest/abdomen, 41% and head/face, 

32%. The contacts for AIS 2+ head injuries were widely 

distributed with no source exceeding 10%. AIS 2+ head 

injuries from contacts with other occupants 

constituted 4.8% of the injuring sources. Unlike head 

injuries, the contacts for AIS 2+ chest and abdominal 

injuries were concentrated. For AIS 2+ chest injuries, 

48% were attributed to the seat back and 24% to the 

safety belt. For AIS 2+ abdominal injuries, 87% of injury 

were caused by the safety belt. 

 

The use of the most recent ten years of NASS data 

permitted an update of the characteristics of far-side 

crashes that are associated with serious injuries 

among belted front seat occupants [3].  For the 2004-

2013 NASS CDS data, the median crash severity for 

MAIS 3+ injured was a lateral delta V of 36 kph. 

Chest/abdominal injuries accounted for 43% and head 

injuries accounted for 23% of the AIS 3+ injuries. 

Drivers accounted for 79% of the MAIS 3+ injured 

belted front outboard occupants that were involved in 

far-side crashes. About 53% of front outboard 

occupant’s chest injuries were caused by contacts with 

the vehicle center stack or seat back and 21% were 

associated with contacts with the far-side structure. In 

regards to head injuries, the far side structure 

accounts for more than 60% of the AIS 3+ injuries.  

 

Of the far side crash involved occupants analyzed, they 

sustained AIS3+ head or chest injuries from the far side 

of the vehicle more than 4.4 times more often than 

were attributed to occupant to occupant contact. 

Another striking trend is the disproportionate number 

of AIS3+ injured occupants in light passenger cars 

where belted front outboard occupants sustained 

severe injuries at a rate 2.7 times higher than exposed. 

Finally, this study identified that only 3.1% of belted 

AIS3+ injured occupants involved in far-side collisions 

sustained their injuries due to occupant to occupant 

contact with another front seat occupant [4]. 

 

 MOTIVATION 

 

From KNCAP side crash test analysis, the probability of 

serious injury (AIS 3 +) for the near side occupant 

(driver) was 11.3% in 2003. In 2013, the average 

severity dramatically dropped to 2.0% as shown in 

Figure 1. However, from 2014 police accident data, 

fatalities from side collision type of accidents were 555 

and the ratio was 30%. The injured occupants were 

92,300 and ratio was 34%. According to police accident 

classification, all fatality and injury of participants that 

involved this type of accident were counted as victims 

of side collision, even though one who experienced 

head-on type (frontal structure of vehicle) accident.  

 

Figure 1. KNCAP side impact performances 

 

 ANALYSIS OF NEAR AND FAR SIDE INJURIES IN KIDAS 

 

An objective of this study was to examine injury 
patterns for the far-side front seated occupants in 
lateral collisions. From the results of current works, it 
is intension to the further amendment of KNCAP 
roadmap to protect far-side front seated occupants in 
the event of lateral collisions. In this research works, it 
will be included various crash tests and simulations to 
understand and the occupant kinematics that cause 
the most frequent injuries as well as developing 
countermeasures in terms of a protection system to 
significantly reduce these injuries from far-side side 
impact accidents.  
 
In a KIDAS of vehicle-patients query from 2012-2015, 
near-side occupants were defined as front seated 
occupants whether drivers or passengers who had 
been experienced their sides were struck. On the 
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other hand, far-side occupants were defined as front 
left passenger with right side damage and principle 
direction of force (PDOF) from 2 o’clock to 4 o’clock 
direction or front right passenger with left side 
damage and PDOF from 8 o’clock to 10 o’clock 
direction as shown in Figure 2. 

 

 
 

Figure 2. Near and Far side collisions 
 

From KIDAS, 98 Vehicles of real-road side collision 
accidents were extracted and investigated. In this 
study, seated positions, vehicle damages, impact 
speeds, impact directions, vehicle types, genders, ages, 
heights and weights were selected as influence 
variables to identify the severity of injury and injured 
body parts.  
 
Among the data set, 47 vehicles were near side 
accidents and 51 vehicle were far side accidents.  
Vehicle damaged patterns from CDC code, the damage 
position P which occurs at the middle part of lateral 
side vehicle, the average of thorax injury (AIS 3) was 
1.91±1.72 in near side and 1.02±1.31 in far side 
(p<0.01). 
 
The average MAIS at P position damage was 2.78±1.39 
in near side and 2.02±1.11 in far side (p<0.01). In 
terms of ISS, the average score of ISS was 15.74±14.71 
in near side and while far side was 8.11±8.39 (p<0.01). 
For Code D of CDC damaged location intruded at the 
whole part of lateral side vehicle, it was also reveal 
that thorax injury was statically significant.  
In the near side cases, 32 (68%) vehicles were 
passenger cars and 31 (61%) vehicles were passenger 
in the case of far side accidents. For near side case, 15% 
of near side occupants experienced more than AIS3+ 

and 85% was minor injury (≥AIS 2). For the far side 
cases, 8% of far side seated occupants suffered from 
AIS 3+ injury. 
 
In terms of gender difference, there are no significant 
differences in injury patterns and frequency of injury.  
Injury severity from different age groups, 25% of 

elderly front occupants (both near and far cases) 

suffers AIS 3+ injuries, while young adults (≥ 45 years 
old) only 14% and 4% for near side and far side 
accidents, respectively.  
Near side collisions, spine, thorax and upper 
extremities were most frequently injured body regions. 
But, for far side occupants cases, head, lower 
extremities and thorax were mostly injured body parts.   

 

NEAR AND FAR SIDE IMPACT CRASH TESTS 

 

Side impact test shown in Figure 3 was conducted to 
evaluate the injuries and kinematic behaviors of far-
side seated dummy. The test vehicle was selected 
from one of 2015 KNCAP side impact tested vehicle 
group to compare injury assessment and kinematic of 
near side and far side seated dummies. The far-side 
impact test vehicle was a small SUV which thorax and 
curtain airbag were equipped as standard option. In 
these far-side impact tests, there were two different 
types of testing were conducted with one ES-2 dummy 
was seated front passenger seat only and two ES-2 
dummies were seated both in driver and passenger 
seats while driver side was impacted with 1,300 kg AE-
MDB by 55km/h speed as shown in Figure 4. Except 
impact speed, all other test conditions were identical 
to EuroNCAP test protocol. 

 

 
 

Figure 3. KNCAP side impact test configuration 
 

 
 

Figure 4 KNCAP near and far side test (Test 1, 2 and 3)  
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RESULTS OF SIDE IMPACT TESTS 

 

Near side dummy 

As shown in Figure 5, kinematics and injury of driver 
(near side) was not affected by the front seated 
dummy except after interaction of two dummies The 
force and moment curves of driver’s T12 were 
significantly influenced by far side dummy as shown in 
Table 1.  
 

 
 
Figure 5 Kinematics of near side dummy (near side) 
 
Table 1 Comparison of injuries between Test 1 and 3 
 

 
 

Near and far side dummy 

Dummy seated struck side experienced the most 
severe damages. While the near side dummy absorbed 
the most impact energy and revealed higher injury, 
the upper body of far side dummy rotated toward to 
driver side seat due to reaction force. From previous 
researcher’s studies [6, 7, 8, 9], the occupant 
kinematics in far-side crashes indicate that the 
occupant frequently comes out of the shoulder 
restraint and the upper body translates across the 
vehicle.  
 
From a study of post mortem human specimens in far-
side sled tests at 16 and 34 kph, Kent [10] found that 

increased engagement of the shoulder belt decreased 
the lateral head excursion but increased the risk of 
chest injury.  
 
In this test, compare to near side dummy, the 
kinematic behavior of far side dummy was different as 
shown in Figure 6.  
 

 
 
Figure 6 Kinematics of near and far side dummy  
 
As shown in figures, should belt cannot restrain the 
occupant to prevent or minimize the upper body 
motion. However, the lap belt was firmly hold the 
pelvis area of far side dummy. This is the pivot point 
of motion of upper body rotation.  
 
The injury between single dummy of near side and far 
side impact tests were shown in Table 2.  
 
Table 2 Comparison of injuries between Test 1 and 2 
 

 
 
Far side dummy 
Unlike driver side, the kinematics of far side dummy is 
significantly influenced by whether single front seated 
occupant or not. As shown in Figure 7, kinematics of 
far side dummies were strongly affected by the 
existence of the front seated (driver) dummy due to 
interactions of dummies. 
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Figure 6 Kinematics of far only and far with driver 
 
The single dummy case, far side dummy could freely 
rotated toward to driver seat. But, two dummy cases, 
the rotation of upper body of far side dummy was 
limited due to contact to driver dummy. Far side only 
case, due to direct contact to center console area, the 
maximum rib deflection occurred.  
 

 
 
Figure 6 Rib deflections of far only case 

Table 3 Comparison of far side dummy 

 
 

CONCLUSIONS 

 

From the KIDAS and side impact tests injury and 
kinematic motion patterns for the far side front seated 
occupants were examined. From the results of current 
works and further study, it is intension to the next step 
of future roadmap for KNCAP enhancement to protect 

far-side front seated occupants in the event of lateral 
collisions.  
In this research works, the injury severity level for far-
side front seated occupants is almost equivalent to 
near-side front occupant in the real accident data 
based on KIDAS.  
From side impact test, in general, the patterns of 
motion of far side front seated ES-2 dummy are quite 
different from near side dummy as well as single far 
side dummy. During the impact, the seatbelt of far-
side seated dummy was easily come off from dummy’s 
shoulder. The shoulder belt cannot restrain the 
occupant to prevent or minimize the upper body 
motion. But, lap belt was firmly hold the pelvis area. 
This is the pivot point of motion of upper body 
rotation. 
 
Side impact type accidents are the most frequent and 
resulting sever injury to the both driver and front 
seated occupants in Korea. To protect near side 
drivers in the event of side collisions, KNCAP evaluates 
with AE-MDB 55kph side impact test and oblique pole 
side impact test methods. However, there is no tool to 
protect far side occupants that will be either driver or 
front seated occupants.  
 
It is required new test protocol and assessment 
method to adopt KNCAP program for protecting the 
far side seated occupants from side impact type 
accidents. From this study, it is recommended to far 
side occupant protection test should be conducted 
with two dummies in the existing AE-MDB 55 kph side 
impact crash test. It is also recommended further 
crash test and researches to verify benefits of adding 
the test protocol and detailed injury assessments. The 
current injury criteria and assessment values are 
based on the near side occupants from side collision. 
Also in order to global acceptance of KNCAP protocol, 
it is needed to further communications with other 
NCAP agencies 
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MOTIVATION 

The increasing performance of electronic control 
units, sensor and actuator components allows the 
development of advanced driver assistance and 
piloted driving systems supporting or performing the 
driving task on various automation levels. Adaptive 
cruise control (ACC) systems for instance overtake 
the longitudinal vehicle movement in comfort driving 
situations whereas automatic emergency braking 
(AEB) functions temporarily intervene in impending 
accident scenarios. Both systems assist in defined 
driving modes, require manual environment 
monitoring and can always be oversteered by the 
driver. Piloted driving functions gradually increase 
the system level of automation by executing 
longitudinal as well as lateral vehicle movement, 
additionally monitoring the vehicle environment and 
addressing more and more driving situations. Along 
with the growing automation levels the implemented 
driving functions have to fulfill more and more 
complexity and performance requirements 
concerning their behavior in various scenarios and 
situations (see [1] and Figure 1). 
 

 
Figure 1.  Increasing requirements for assisted and 
automated driving functions 
 
The requirement growth is supported by legislation, 
insurance and consumer protection organizations as 
well as the car manufacturers themselves 
continuously defining new targets for maximizing the 
effecivity of assistance or piloted functions in a given 
environment. The approach is often to abstract the 
respective traffic and accident occurrence to a finite 
number of representative sampling points addressing 
the relevant events to a maximum extent. In case of 
current AEB systems the number and difficulty of 
functional requirements is already approaching a 
level where automated system application becomes 
essential. In order to address the whole relevant 
traffic scenario spectrum future automated driving 
systems in principal need to handle an infinite 

A METHOD FOR THE SIMULATION-BASED PARAMETER OPTIMIZATION OF 
AUTONOMOUS EMERGENCY BRAKING SYSTEMS 
 
Thomas Hierlinger 
Tobias Dirndorfer 
Tobias Neuhauser 
AUDI AG 
Germany 
 
Paper Number 17-0188 
 
ABSTRACT 
This paper presents a simulation-based method automizing the application, performance evaluation and testing of 
predictive safety functions using the example of current AEB systems. The approach addresses the growing 
scenario complexity and the increasing performance requirements with several intended uses along the function 
development process. The approach overall aims at reducing specification, application and test costs by 
continuous simulation along the whole development process. The toolchain consists of three tools: Matlab, 
rateEFFECT and Optimus. Matlab serves as controller of the toolchain where the pre- and postprocessing takes 
place and the objective functions are defined. rateEFFECT is used as the underlying simulation environment. The 
driving simulation itself runs in this program and all kinds of load cases can be simulated. The optimization 
algorithms are provided by the tool Optimus due to its easy integration in the toolchain and above all its hybrid 
optimization techniques. Two simple ideas are presented to measure safety performance and customer acceptance. 
Furthermore, several optimization strategies and algorithms are analyzed: the metamodel-based-, the direct- and 
the hybrid-optimization. 
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number of potentially critical situations with 
maximum effect on collision avoidance or severity 
reduction. That is why both manual system 
application as well as real car tests have to be 
substantially supported by automated simulation and 
optimization methods for a sufficient coverage of 
relevant scenarios. 
 

OBJECTIVE 

This paper presents a simulation-based method 
automizing the application, performance evaluation 
and testing of predictive safety functions using the 
example of current AEB systems. The approach 
addresses the growing scenario complexity and the 
increasing performance requirements with several 
intended uses along the function development 
process (see Figure 2). 
 

 
Figure 2.  Simulation support along the functional 
development process (V-Model, e.g. see [2]) 
 
The presented approach is supposed to: 
• support the validation of function concepts (1) 

and system definition (2) in the early 
development phase 
o early predict function performance in 

consumer ratings and real world scenarios 
o evaluate the effect of system parameter 

variations (e.g. sensor and actuator 
characteristics) 

• balance safety performance and customer 
acceptance during system (3) and function 
application (4) 
o provide a base parameter set for refinement in 

real system and vehicle tests 
o quickly evaluate the effect of changes in 

parameter sets 
• enlarge test coverage by means of virtual 

endurance tests (5) 
The approach overall aims at reducing specification, 
application and test costs by continuous simulation 
along the whole development process. 
 

 

METHODICAL APPROACH 

During the definition and application phase of a 
predictive AEB function the major goal is to create 
effective automatic braking interventions with 
maximum coverage of relevant load cases and 
maximum respective velocity reduction which is only 
activated legitimately and does not disturb the driver 
executing the driving task. This problem represents a 
goal conflict towards the AEB function  with its 
global parameters  adressing a number of load 
cases  with weighting ( ). Its solution requires 
an optimization process for finding the best 
parameter set  in terms of a defined deployment 
cost function  characterizing the functional effect 
and acceptance (see Figure 3). 
 

 
Figure 3.  Fully automated parameter optimization 
process 
 
In order to assure the best optimization results for 
a large amount of parameters under given time 
restrictions the global parameter set  can 
optionally be reduced to the functionally most 
relevant base parameter set  by means of a 
sensitivity analysis checking the individual 
parameter effects on the deployment costs  for 
the weighted load cases . 
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Based on the general optimization process a 
concrete toolchain fulfilling the following 
requirements was developed: 
• Simulation in multiple real time to conduct many 

simulations in short time 
• Ability to perform global optimization / multi-

objective optimization 
• Easy modular expandability 
• Closed-loop simulation ability 
• Open interface 
• Integrability of series ECU algorithms 
 
Description of the general toolchain 
The method is software-in-the-loop (SIL) based. 
Figure 4 shows the used toolchain for optimizing the 
AEB function parameters. The core consists of three 
tools:  
(1) rateEFFECT is a tool developed and used by 
Volkswagen Group to evaluate the effectivity of 
active safety systems [4]. In this approach it is used 
as the underlying simulation environment. The 
vehicle dynamics and the scenery is based on PC-
Crash where rateEFFECT interacts in every 
integration step of PC-Crash. All kinds of load cases 
like load cases from consumer ratings, load cases 
from real world accidents like GIDAS (German In-
Depth Accident Study) or no collision load cases can 
be simulated. Via a system editor it is possible to 
define own active systems with predefined or self-
developed function blocks. The system configuration 
generally consists of sensors, algorithms, driver 
models and actuators. The described system in this 
paper uses idealized ego- and object sensors, the 
wrapped series ECU algorithm and the brake 
actuator. System delays are modelled between the 
sensor and algorithm as well as between the 
algorithm and actuator. A driver model is currently 
not used for the optimization of the AEB function. 
Besides the use of idealized sensors it is clearly 
possible to incorporate detailed sensor models into 
the overall system. The same applies to the driver 
model. The behavior of the AEB function is defined 
by its parameters.  

 
Figure 4.  Overview of the used toolchain 

(2) MATLAB serves as controller of the toolchain 
where the main GUI for pre- and post-processing 
runs. Several characteristic values (e.g. impact 
velocity, begin of specific action, etc.) can be 
visualized, the achieved points in consumer ratings 
are calculated automatically and single load cases can 
be studied in detail by visualizing signal sequences. 
The cost functions are defined here and the 
parameters, which shall be used in the optimization 
process, are chosen. To preselect appropriate 
parameters, sensitivity analysis can be performed to 
omit non-influential parameters for the actual 
optimization. 
(3) The results after each rateEFFECT simulation are 
collected and passed to Optimus [3] where the actual 
parameter variation process takes place. After the 
parameter variation step MATLAB takes the results 
from Optimus, hands the new parameter set to 
rateEFFECT and a new iteration begins. Optimus 
from NOESIS is a process integration and design 
optimization software platform and is used due to its 
easy integration in the toolchain and above all its 
hybrid optimization techniques. Especially in the 
beginning, the analyzing features of Optimus helped 
a lot to find the best optimization algorithms. With 
enough knowledge about the simulated system, its 
behavior and the most suitable optimization 
algorithms the MATLAB optimization toolbox could 
be used as well. 
 
Specific example 
The following paragraphs show the approach for the 
specific simulation-based optimization of an AEB 
system. The shown work in this paper restricts itself 
to optimize the parameter set, which triggers the AEB 
and the previous brake jolt (see Figure 5, red 
outlined). The optimization of suppression and 
abortion criteria is out of scope. 
 

 
Figure 5.  Possible action cascade of an AEB 
function 
 
Optimization methods and strategies 
Several optimization methods were analyzed for the 
simulation-based parameter optimization of the AEB 
system described above:  
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• Direct optimization [5]: The direct optimization 
applies the optimization algorithm directly on the 
simulation model. However, the computational 
costs might prohibit this approach, especially for 
global optimization, as they are caused by many 
evaluations of the simulation model 

• Metamodel-based optimization [5]: In the 
metamodel-based optimization the optimizer 
works on a metamodel instead of the simulation 
model. Therefore, the metamodel-based 
optimization makes use of the benefits of a 
metamodel. The key benefit is the low 
computational costs of a metamodel. 
Additionally, smoothness of metamodels 
simplifies the use of gradient-based optimization 
algorithms. However, the metamodel introduces 
an additional source of error as the metamodel 
cannot fully reproduce the behavior of the actual 
simulation model. Various interpolating and 
extrapolating methods can be used as metamodel 
(e.g. Kriging [9], radial basis functions (RBF) [6], 
quadratic least squares [9], neuronal networks [9], 
etc.) 

• Hybrid optimization [6]: The quality of a 
metamodel also depends on the number of 
samples. However, to sample the whole design 
space in a fine granular manner is 
computationally costly - especially since samples 
are wasted on regions, which are far off the 
optimum and not of interest. Hybrid optimization 
methods sample the design space in an adaptive 
manner. After an initial sampling and an initial 
metamodel, new samples are systematically added 
to support the metamodel in interesting areas – 
areas with a high probability to find the optimum. 

 
Besides the optimization method, a key point is the 
selection of the load cases. Figure 6 theoretically 
shows the classification of load cases in “collision” 
and “no collision”. It is important to preselect only 
the load cases, where the critical object is in the 
sensor field of view and the AEB function is possible 
to interact or where the AEB must not brake. An 
AEB function shall brake in critical situations (1), but 
must not brake in uncritical situations (2). Apart from 
that there are also some situations where the AEB 
may brake (3). Load cases from the “may brake” area 
should not be selected since it is not possible to 
formulate a single goal for this kind of load cases. 
The operational effect of the AEB has boundaries and 
the AEB works only within these boundaries (e.g. the 
ego velocity).  
 

 
Figure 6.  Classification of load cases 
 
Again, the main objective is the optimization of the 
AEB function for safety performance and robustness 
concerning false braking (false positives) which is 
crucial for customer acceptance.  
Therefore, two different approaches are possible: 
1. Simulating only collision load cases in the 

optimziation 
a. Restrict the AEB function to a certain 

maximum amount of velocity reduction  
b. Limit the time of first braking via a specific 

cost function 
c. Check the behavior of the AEB function after 

the optimization with some no collision load 
cases 

2. Simulating both collision an no collision load 
cases in the optimization process 

a. No restriction of velocity reduction necessary 
b. No limitation of first time of braking 

necessary 
 
The decisive factor for both approaches is the right 
load case selection. On the one hand, the selection 
should cover the whole operational effect of the AEB 
(and if approach 2 is used, the “AEB must not brake” 
area as well), on the other hand, too many load cases 
slow the optimization process down and could 
prevent finding a reasonable solution. Therefore, 
another important issue is the weighting of the load 
cases. If the weighting is conducted according to their 
occurrence in real life one could take this occurrence 
from in house accident data or accident studies like 
[7] and [8].  
 
The whole load case selection process could look like 
described below: 
a) Filter relevant load cases (see Figure 6) from load 

case database (e.g. consumer rating load cases, 
real world load cases, car manufacturer load 
cases) 

b) Determine the most important load cases from a) 
and group them into scenarios if necessary 

c) Weight the load cases according to e.g. 
occurrence, objects involved, customer 
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importance, etc. Either the number of load cases 
per scenario matches the calculated occurrence or 
each load case is weighted separately. 

 
Cost functions 
The AEB system is supposed to prevent collisions 
and at the same time must not brake in uncritical 
situations. Cost functions are needed to define the 
desired behavior of the AEB system. A cost function 
outputs costs, which measure the function 
performance with respect to the desired behavior. 
Therefore, the cost function  (Equation 1) processes 
the simulation output ( ). The costs are 
normalized. Zero costs represent the optimum and the 
worst case corresponds to costs of 1. 
 ∶ 	ℝ → ℝ; 			 ⟼ ( ( )),	 	 ∈ [0, 1] (Eq. 1) 
 
As stated above the goal is to balance safety 
performance and customer acceptance. Below we are 
presenting two simple ideas to measure these two 
goals. 
Safety Performance: The safety performance is 
measured as the reduction of the impact speed 
(Equation 2).  
 = ( )

 (Eq. 2) 

 
 denotes the time of initiating the 

braking and  denotes the time of the collision. If 
there is no collision, the costs are obviously zero.  
states the relative velocity in direction of the ego 
vehicle (Equation 3) 
 ( ) = ( ) − cos ( ) ∗ ( ) (Eq. 3) 
 
which is computed using the velocity of the ego 
vehicle , the velocity of the target object  
and the angle  between the velocity vectors of the 
ego vehicle and the target object (see Figure 7). 
 

 
Figure 7.  Relative velocity in the direction of 
velocity vector of the ego vehicle 
 
The relative velocity could be negative yielding 
negative costs, which contradicts the normalization. 
A negative relative velocity occurs if the target object 
“escapes” from the ego vehicle or approaches the ego 
vehicle from behind. Hence, a collision caused by the 

ego vehicle is impossible. Non-negativity is assured 
by taking the maximum value of the relative velocity 
and zero. Assuming that the driver of the target 
object is a wrong way driver, the relative velocity is 
larger than the velocity of the ego vehicle giving 
costs greater than 1. However, the ego vehicle can 
reduce its own speed to standstill at best. To account 
for this, the minimum of the relative velocity and the 
ego speed is taken. Incorporating these two 
considerations gives the final cost function (Equation 
4) for the safety performance: 
 = min(max( ( ), 0) , ( ))

 (Eq. 4) 

 
Customer acceptance: The customer acceptance in 
Equation 5 is composed of two sub-cost functions 
“brake profile”( ) and “distance” ( ) . 
 = ∗ + ∗  (Eq. 5) 
 

 and  denote the weights of the sub-cost 
functions. Since the customer acceptance shall be 
normalized, it must hold that + = 1 and that 
all sub-cost functions are normalized.  
The sub-cost function brake profile (Equation 6)  
 cost = ∗ − ( ) ∗ ( , ) (Eq. 6) 

 
evaluates the time when the AEB is initiated and the 
strength of the deceleration with the time step , the 
acceleration of the ego vehicle  and a weighting 
function , which takes as arguments the current 
time step  and the instant of time of 
unavoidableness . The time of unavoidableness is 
defined as the time instance of the last braking and/or 
steering maneuver to avoid an impending collision. 
The coefficient  is used to normalize the sub-cost 
function with the ego velocity at the first time of 
braking. The weighting function rates the start of 
deceleration as a function 
of time and can be modelled as a sigmoidal 
membership function (see Figure 8). This function is 
zero for start of braking after . Any braking after 
this point of time does not produce any costs. Going 
backwards in time, the function increases smoothly to 
1 and prior to that a braking action would be fully 
rated. Apart from the shown behavior, the weighting 
function could be also dependent on the ego velocity 
and other characteristics. 
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Figure 8.  Weighting function depending on time of 
braking 
 
The sub-cost function distance evaluates the 
minimum distance between the ego vehicle and the 
most critical object (see Figure 9). It is unwanted to 
stop too far away from the critical object, but at the 
same time not too close either. If the minimum 
distance equals a certain value defined as the 
optimum distance ( ), the costs are zero. 
Depending on whether the AEB is open-loop or 
closed-loop controlled, this function is useful or not.  
 

 
Figure 9.  Weighting function depending on time of 
braking 
 

RESULTS 

This chapter shows an analysis of the presented 
optimization methods, exemplary results from the 
optimization and the validation of some simulation 
results with vehicle tests.  
Analysis of presented optimization methods 
In the chapter “Methodical approach” three different 
optimization methods were presented: direct, 
metamodel-based and hybrid optimization. These 
methods were investigated and compared in terms of 
their performance. 
The optimization setup looks as follows. All Euro 
NCAP 2016 Car-to-Car and Car-to-Pedestrian 
situations represent the load cases, which give in total 
74 load cases. The Euro NCAP load cases are taken 
because they are well known by a broad audience. 
Note that only load cases with collisions were used in 
the optimization. The optimization addresses in total 

18 parameters which are responsible for triggering 
the AEB in a specific velocity area.  
Metamodel-based optimization: In a first step, the 
parameters are sampled 700 times with a Latin 
hypercube sampling [9]. The cost functions safety 
performance and customer acceptance are applied on 
the samples. A Kriging, radial basis function (RBF), 
quadratic least squares and neuronal network 
metamodel are built for each cost function. 
Except for the Kriging metamodel, all other 
metamodels yield negative costs for the safety 
performance and customer acceptance after an 
optimization with the ClearVu global multi-objective 
optimizer [10] (see Figure 10 as an example). 
 

 
Figure 10.  Negative costs for metamodel-based 
optimization on neural network metamodel 
 
The optimization based on the Kriging metamodel 
gives plausible results (see Figure 11). The red circle 
shows the optimal parameter set where the customer 
acceptance and safety performance are weighted 
each with a weight of 0.5.  
 

 
Figure 11.  Metamodel-based optimization on 
Kriging metamodel 
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Table 1 shows a validation of this specific parameter 
set with the simulation model. The value of the 
metamodel is compared to the value from the actual 
simulation conducted with rateEFFECT. Especially 
the costs of customer acceptance differ from the 
metamodel to the actual simulation model with 0.049 
which corresponds to an error of about 5 percent. 
 

Table 1. 
 

Metamodel Validation on 
simulation model 

Delta 

Cost safety 
performance [-] 

0.117 0.131 0.014 

Cost customer 
acceptance [-] 

0.061 0.110 0.049 

 
Direct and hybrid optimizers: In the following, the 
direct and hybrid optimization methods are 
investigated with a few methods available in 
Optimus. Figure 12 shows the convergence of the 
investigated optimizers with regard to the total cost 
(Equation 7) which is defined as 
 = 0.5 ∗ + 0. 5 ∗  (Eq. 7) 
 
The combination of the cost functions safety 
performance and customer acceptance is required to 
convert the multi-objective optimization (MOO) into 
a single–objective optimization (SOO) since the 
optimizers are all single-objective optimizers with the 
exception of the ClearVu Global Optimizer. Besides, 
the number of evaluations of the simulation 
model is limited to 700 in order to obtain results in a 
convenient computation time of about 9 hours on the 
used workstation. 

 
Figure 12.  Convergence of different optimizers 
 
The hybrid optimizer “Adaptive Region” [11] 
performs worst, regardless of the size of the initial 
search window. The performance of the ClearVu 
Global Optimizers, both SOO and MOO, range 
between the Adaptive Region and the Efficient 
Global Optimizer . The ClearVu Global Optimizer is 

a direct optimizer. The hybrid optimizer Efficient 
Global Optimizer (RBF) [10] performed best and 
converges after only approximately 300 iterations. 
The additions Kriging or RBF in brackets describe 
the internally used metamodels during the 
optimization process.  
 
Exemplary results from the optimization 
The exemplary results again are from the same 
optimization setup as before. 74 Euro NCAP load 
cases from 2016 and 700 iterations. 7.5 hours 
computation time on a workstation with 8 cores and 
51.800 simulations were needed to obtain the 
optimization result. Figure 13 shows a pareto plot 
with both cost functions safety performance and 
customer acceptance. Additional information is 
added into the plot for two specific parameter sets ,  and ,  on the pareto front (red dotted). For 
reasons of clarity, only the Euro NCAP points are 
displayed and the average and maximum initiating 
time of the AEB before the time of unavoidableness. 
Of course, many more values could be plotted as 
well. ,  shows a better customer acceptance than ,  but at the same time worse safety performance. 
The average time of first braking before  is 0.26 s 
later with ,  compared to , .  

 
Figure 13.  Pareto plot with results from the 
optimization 
 
Additional analysis with both chosen parameter sets ,  and ,  are made with load cases from 
GIDAS (only collision load cases). For this 
exemplary analysis, the load cases are selected 
depending on the following criteria: 
• object class of the collision opponent (vehicle or 

pedestrian) 
• velocity vectors point in the same direction with a 

maximum deviation of 45° (only for vehicle 
opponents) 

• collision opponent in the sensor field of view 
• no driver braking before the collision 
247 load cases with vehicle opponent and 341 load 
cases with pedestrian opponent fulfill the criteria. 
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Table 2 shows the percentage of avoided collisions 
and the average velocity reduction.  
 

Table 2. 
 Load cases with 

vehicle collision 
Load cases with 

pedestrian collision 
 ,  ,  ,  ,  

Number of simulated 
load cases [-] 

247 247 341 341 

Percentage of avoided 
collisions [%] 

18.2 44.5 10.3 39.3 

Average velocity 
reduction [kph] 

15.5 25.0 13.9 21.8 

 
In both vehicle and pedestrian load cases parameter 
set ,  obviously performs better. In load cases 
with vehicle collisions 26.3 % more collisions could 
be avoided and the velocity reduction is 9.5 kph 
higher. In load cases with pedestrian collisions even 
29 % more collisions could be avoided and the 
velocity reduction is 7.9 kph higher. 
 
Validation of simulation results with vehicle tests 
Vehicle tests with an optimized parameter set  
have been conducted to validate the simulation 
results. Typical Car-to-Car Rear Stationary (CCRs) 
tests were used and the vehicle under test (VUT) and 
the target objects were equipped with reference 
instrumentation. The remaining gap between VUT 
and the target objects was measured and compared to 
the simulation results. A very good transferability of 
the simulation results could be found. The maximum 
error was 0.71 m and the average error was about 
0.28 m. 
 

DISCUSSION 

This chapter is structured into two subchapters: the 
discussion of the specific results in this paper and the 
discussion of the overall approach. 
 
Specific results 
In total three optimization methods were analyzed out 
of which the hybrid optimization performed best. 
Both convergence was reached most rapidly and the 
costs were lowest no matter what internal metamodel 
was used. Despite this result a new analysis should be 
conducted if the AEB function changes drastically 
with regard to the number of parameters investigated, 
linearity of the model, etc. 
An exemplary optimization of an AEB function was 
conducted. The intention of the authors is the 
demonstration of the whole optimization process and 
parameter determination, not the analysis of the 
single outcome.  
The validation of the simulation results were 
conducted only in Car-to-Car Rear stationary tests 

with reference instrumentation. Nevertheless, in 
many other load cases with dynamic VUT and 
dynamic objects the transferability of the simulation 
results is still very good. 
 
Overall approach 
The presented SIL-based approach could also be 
done HIL-based, but would then be much slower.  
The advantages of this SIL-based approach are: 
• Hazard-free 
• Low time exposure 
• High test coverage 
• Reproducability 
• Complex load cases possible 
But there are also challenges which have to be 
considered for broader future applications. The 
limitations of the presented methodology are 
primarily given by the quality of the embedded 
vehicle and environment simulation model. The 
current simulation model gives ideal 2D algorithm 
input signals sufficient for good weather conditions 
and stationary vehicle maneuvers with little vehicle 
yaw, pitch and roll movement. For realistic 
simulation results even under complicated driving or 
perception conditions more sophisticated vehicle and 
environment sensor models are required. 
Nevertheless a potential analysis of predictive 
algorithms can be done using ideal sensor signals in 
the optimization process. The degradation of 
effectivity and robustness by the artificial worsening 
of sensor input signals can be analyzed afterwards to 
incrementally separate algorithm and sensor effects. 
Of course in terms of future piloted driving functions 
real vehicle validation will additionally be necessary 
to a large extent both to generate validated simulation 
models and to reveal unconsidered statistical effects 
in the simulation models. 
 

CONCLUSION 

This paper presents a simulation-based method 
automizing the application, performance evaluation 
and testing of predictive safety functions using the 
example of current AEB systems. The approach 
addresses the growing scenario complexity and the 
increasing performance requirements with several 
intended uses along the function development 
process. The approach overall aims at reducing 
specification, application and test costs by continuous 
simulation along the whole development process. 
It provides a valuable contribution to the design and 
testing of safe assisted and piloted driving functions.  
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ABSTRACT 
 
Research Question/Objective 
Advanced driver assistance systems (ADAS) are found increasingly commonly in modern day 
cars. These systems should have their interfaces adapted to the target population to be 
completely effective and help prevent accidents. Our study is focused on the improvement in 
interface design of Blind Spot Warnings (BSWs). This ADAS is particularly relevant to issues with 
older driver’s physical limitations, errors with blind-spot checking and accident characteristics. 
However, the standard blind spot detection interface is often designed without taking into account 
age related visual impairment. 
Methods and Data Sources 
A BSWs interface adapted to major visual impairment was developed and studied. A driving 
simulator study was conducted, in which 14 participants aged from 62 to 76 took part, to compare 
our BSWs interface with a conventional BSWs interface. Participants performed two series of 
lane change tasks, with potential side collision scenarios, for each interface. Both subjective and 
objective data (oculometry, vehicle parameters) were collected. 
Results 
The results show that driving performance and comfort are enhanced by our dedicated interface. 
Drivers spend more time concentrating on the road with fewer fixations on the interface. It helps 
the driver keep their vision on the road by providing information in their peripheral vision. It also 
provides less disturbance while driving and is perceived as more useful. 
Discussion and Limitations 
The interface has been tested with older drivers with relatively normal vision. As a next step, it will 
be necessary to test this interface with patients with greater deficits. 
Conclusion and Relevance to session submitted 
The findings of this research may help interface designers to create ADAS interfaces adapted for 
the older driver population. 



Adrian 2 
 

1. INTRODUCTION 

Over the past 20 years we have witnessed major 
technical changes in the field of the automotive 
industry. More and more vehicles are equipped 
with advanced driver assistance systems 
(ADAS). These systems, which enhance security, 
offer support to the driver by either providing 
information or taking some control of the vehicle 
(e.g. adaptive cruise control automatically adjusts 
the vehicle speed to maintain a safe distance 
from vehicles ahead). Most of the time, only 
technological capabilities are taken into account 
in the development of some of these systems [1]. 
However, it is imperative to define the real needs 
of drivers, and to adapt these technological 
solutions, and more specifically the design of the 
human machine interface, to be completely 
effective and help prevent accidents [2]. The use 
of unsuitable assistance can have adverse effects 
if the behavior and the characteristics of the 
driver does not correspond to the one anticipated 
by designers [3].  

A category of drivers that can benefit from 
ADAS is older drivers. It is well known that 
age�related functional limitations, diseases and 
disorders can affect the driving performance of 
older people [2]. Davidse concluded that road 
safety of older drivers could be improved by an 
advanced driver assistance systems (ADAS) that 
signals road users located in the driver’s blind 
spot. However, seniors are also more sensitive to 
the consequences of a poorly defined ADAS 
compared to young drivers. An ADAS, adapted 
to the older driver’s population, should therefore 
be defined on the basis of difficulties that the 
seniors encounter. 

We have developed an interface display for 
BSWs. We call it ADVISE. This interface has 
been design to match the needs of older drivers 
and to compensate for their age related visual, 
cognitive and motor functional change or deficit. 
The purpose of the present study was to 
determine the benefits of our interface. We 
conducted a comparative evaluation on a driving 
simulator of our Augmented Reality system 
versus a standard prototypic blind spot warning 
system (a BSW pictogram in a wing mirror).  
  
2. BIBLIOGRAPHY 
 
2.1. Older drivers 
Older adults represent the fastest growing 
segment of the driving population in occidental 
countries [4]. They drive more and more at an 
older age. They have different age-related motor, 
cognitive and sensory functional changes 
relevant to driving [5] and show poorer driving 
performance [6]. Furthermore, older drivers are 
more involved in left turn accidents at 

intersections [7], are 1.46 times more likely to be 
involved in a high speed lane change crash than 
younger drivers [8] and are more inconsistent 
than younger drivers in maintaining headway and 
lateral lane position [9]. Since older drivers are 
more fragile, their fatality rates are higher than 
those of younger drivers [10,11]. Seniors, 
because of their frailty, are therefore more likely 
to die from the same accident than other 
categories of drivers. A significant increase in 
the number of deaths or serious injuries is 
expected in the years to come [12].  

Taking into account the significant increase of 
older drivers on the road, their increased 
accidents and frailty, it is therefore essential for 
road safety in the upcoming years, to be able to 
develop efficient ADAS for older drivers. Aging, 
although very variable in its expression, leads to 
a decline in functional abilities, at the sensory 
(vision, hearing, ...), physical (joint disorders, 
osteoarthritis, ...) and cognitive levels (memory, 
attention...).  

Normal (or physiological) aging affects a wide 
range of visual functions (for a review see 
Owsley and McGwin [13]). Visual acuity, visual 
field and contrast sensitivity are some of the 
aspects of vision that decline with age. Visual 
impairment today concerns 2 million people in 
France and includes several types of pathologies 
such as cataract, glaucoma and Macular 
degeneration. At an acute stage, visual 
deterioration may not be noticed by drivers and 
thus represents a significant hazard on the road. 
Drivers may not be able to detect the relevant 
information both from the road and from the on-
board assistance systems. Indeed, these 
pathologies at an early stage could affect vision 
through central, peripheral or mixed deficits 
(central and peripheral). Thus, drivers with a 
central deficit could fail to identify hazards or 
read important information, especially small 
pictograms. Drivers with peripheral deficits 
could fail to detect hazard in the driving 
environment inside or outside the car.  

In the course of aging, there is a decline in 
cognitive abilities [14], including executive 
functioning, selective attention, visuo-spatial and 
constructive capacities, memory and speed of 
information processing which have all been 
related to the involvement in accidents or driving 
performance [15–19]. Deficits in selective 
attention have been more particularly related to 
crash involvement [15,17,19,20] and impaired 
driving performance [16,21–24]. Executive 
functions are also important for driving [25]. 
Inhibition, which concerns one’s ability to 
deliberately inhibit dominant, automatic, or 
prepotent responses when necessary [26], is of 
particular interest as selective attention relies on 



Adrian 3 
 

inhibitory mechanisms [27,28]. Age-related 
deficits in inhibitory ability may impact the 
response times (RTs) of older drivers under 
pressure. Some studies have used classical 
inhibition (Stroop test, Incompatibility test, Color 
Choice Reaction Time). Some studies have also 
used shifting tests (Trail Making Test B, 
Wisconsin Card Sorting Test) which concerns 
switching back and forth between different tasks. 
Poor performances on these executive tests have 
been related to crash involvement [15,19] and 
poorer driving performance [22,29]. 

Physical limitation can also impact driving 
performance especially osteoarthritis which can 
have a detrimental effect on neck, head and trunk 
mobility. Visual exploration could be affected as 
restricted neck and trunk mobility decreases eye 
movement amplitude [30–32]. Age related 
decreases in head and neck mobility can 
adversely affects older driver’s ability to 
complete driving tasks. Thus, a limited range of 
neck motion can affect glancing in mirrors and to 
the rear and sides of their vehicle to observe 
blind spots. It can also impact the time of 
recognition of conflicts during turning and 
merging manoeuvers at intersections [33]. 

 
3. CONSIDERATIONS FOR INTERFACE 

DEVELOPMENT 
 
3.1. Central vision 
The central vision is specialized in the vision of 
details and colors, thanks to the high density of 
photoreceptors responsible for these functions: 
cones. Central vision is generated by the macula, 
the central area of the retina. The fovea is located 
in the center of the macula lutea of the retina. We 
call foveal vision the very limited visual angle 
(2-4 degrees) around the central axis, which 
allows excellent spatial discrimination. This 
capacity is altered by moving away from this 
point. However, in this type of vision, one can 
always have a partial recognition of objects in the 
20 degrees around the central axis. 
 
3.2. Peripheral vision 
According to Strasburger [34] peripheral vision 
refer to anything outside 2°. Peripheral vision is 
particularly sensitive to movements and night 
vision, thanks to a high density of photoreceptors 
responsible for these functions: Rod cells. For 
Claverie and Leger [35] careful attention is 
possible within up to 30° horizontally and 20° 
vertically in the visual field, while impressions 
can be collected up to 100° horizontally and 80° 
vertically and finally only alerting movements 
are still detected up to 180° horizontally and 
125° vertically. Some authors have shown that 
red, orange, yellow and blue induce a constant 

sensation up to 60° and up to 80° categorization 
performance for red and blue is still possible  
[36,37]. Furthermore, according to Sakurai, 
surround luminance seems to have no impact on 
those results.  
 
3.3. Augmented Reality Head-up Display 
HUDs provide the advantages of reducing 
accommodation demands when switching from 
displays to external targets and vice versa. They 
also increase “eyes-on-the-road” time. However, 
the restricted display area means the projection 
of only small elements is possible. In addition, 
the overall visibility of the projected elements is 
highly dependent on the ambient light conditions. 
Augmented Reality Head Up Displays appear to 
be particularly useful in overcoming the 
shortcomings of current systems. Charissis, 
Papanastasiou, MacKensie and Arafat [38] show 
that the use of an augmented reality head-up 
display could reduce both the response time of 
older drivers and the occurrence of collisions, 
compared to conventional indicators on the 
dashboard. It is also imperative to ensure that 
they do not distract the attention of the driver and 
do not mask the physical elements of the road. 
 
4. INTERFACE DESCRIPTION 

 
4.1. Current studies 
Our aim is to produce a blind spot detection 
interface that can be detected by peripheral 
vision through use of a head up display. The 
interface should take into account older drivers 
specificities but also general considerations on 
visual, cognitive and motor aspects. 
We decided to develop an interface for Blind 
Spot Warning (BSW) systems because lane 
changes are one of the most hazardous situations 
and represent a challenge not only for older 
drivers but for all drivers. According to Svenson, 
Gawron, & Brown [39] 5% of reported car 
accidents occur during lane changes. To 
complete a safe lane change, it is essential for the 
driver to scan a large area around the car. They 
must pay attention to the front for the current 
lane but also to the back for the target lane. This 
action is very difficult for older drivers who may 
have cognitive deficits. Furthermore, we know 
that detecting a vehicle present in the blind spot 
is a particularly challenging situation for older 
people with neck mobility problems because they 
are invisible to the driver without a direct visual 
scan [40]. Existing solutions that have been 
developed to reduce blind spots are principally 
localized on or near the wing mirrors. However, 
those solutions are not fully adapted, and crash 
risks still remain if the driver’s visual attention is 
not on those mirrors. 
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4.2. Interface description 
Our aim is to produce a signal accessible without 
moving the head to compensate for age related 
motor deficits. To compensate for age related 
inhibition or selective attention deficits the signal 
should be detected by near peripheral vision, 
without the help of foveal vision, and should be 
easily ignored. As visual pathologies at an early 
stage could affect central or peripheral vision the 
warning should be detectable whatever the 
deficit. The signal should use augmented reality 
principles in a head up display format, to 
increase “eye-on-the road” time compared to 
head-down displays. The augmented reality 
format should facilitate the interpretation and 
support the age-related decrease of inhibitory 
function. The information should focus on 
warning only, be easy to process and the decision 
making should be easy to take in a critical 
situation. 
 
4.3. Conception 
The Final Advise interface is presented in Figure 
1. To help detection we located the warning 
signals directly on the road scene. The signals are 
overlaid on the two adjacent lanes to alert for 
potential hazards. In this way, the interface 
enhances one’s current perception of reality of 
the driving situation in real time. It gives the 
drivers a clear indication of what to do in an 
intuitive manner. This solution offers a more 
extensive type of HUD display than those 
currently offered, i.e. within a horizontal 
"unbalanced" band on the bottom of the 
windshield in front of the driver. Head up display 
interfaces are interesting because they minimize 
the ocular distance between the display and the 
driving scene. 

The signal covers a surface of approximately 3° 
height and 16.8° width using a red color to 
signify the danger. The shape should be large 
enough to cover a large part of the adjacent lane. 
In each signal, on the right and left, a yellow 
blind spot pictogram representing a car with a 
radar is positioned in the middle of the red area 
covering a visual angle of approximately 1.15° 
height and 0.76° width.  

The warning signal appears only when a car 
enters the radar zone and the driver has activated 
his indicator light. The blind spot pictogram 
appears first and instantaneously while the red 
shape appears with a fade in of 0,5 seconds. The 
signal stays as long as the radar detects the car 
and disappears instantaneously when the car is no 
longer detected by the radar. 

 No sound was added to the warning so as to 
provide information from the interface alone. 

 
Figure 1. ADVISE interface 

5. METHODOLOGY 
 
We would like to test the following hypothesis: 
compared to a standard interface ADVISE 
interface, (1) enables the driver to longer keep his 
foveal vision on the road, (2) improves lateral 
position on the lane, reduce collisions and (3) 
improves driving comfort. 
 
5.1. Subjects  
We recruited 14 participants (8 men and 6 
women) aged from 62 to 76 (M = 69 ± 3.84). 
Subjects scored high on the Mini Mental State 
Exam (MMSE) and above the cut off score of 24 
indicating intact normal cognitive functioning. 
Some of them presented early visual impairment. 
One participant with early Diabetic Retinopathy 
showed poor contrast sensitivity. Four 
participants have abnormalities in their 
peripheral visual field. However, all the 
participants attained the legal vision 
requirements to drive in France. 
 
5.2. Apparatus 
We used a fixed-based Compact Driving 
Simulator (OKTAL CDS-650) located at the 
Institute de la Vision in Paris. The simulator 
consists of a cockpit, an open cabin-mock-up, 
containing a force-feedback steering wheel, 
accelerator, brake pedal, clutch pedal and audio 
simulated driving sound. This is all placed in 
front of three 65 inch HD LED display.  The 
driving scene is displayed in front and on both 
sides of the driver covering a 180 degrees’ 
physical horizontal field of view. Wing and rear 
view mirrors are represented on the screens 
through SCANeR software. Visual scenes 
presented on the three displays provide the 
external driving environment (other cars, road, 
lanes, etc.) and the vehicle cockpit including 
vehicle dashboards. The driving environment 
consist of a two-lane motorway. 
 
5.3. Driving Scenario 
The driving scenario is inspired by Chun [41]. 
The driving scenario takes place on a two-lane 
motorway. The participant was asked to follow a 
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preceding car travelling at a constant speed and 
at a safe distance. The distance was fixed at 2 
seconds with the preceding vehicle and we 
instructed the subjects to drive as closely as 
possible to the speed limit. The driver was 
instructed that the preceding car will change 
lanes and they will have to position their car on 
the same lane. The preceding car changes lane 
every 10-30 seconds assuming the participant is 
directly behind them.  

In addition, two cars followed the participant’s 
car at a time headway of 3,5 seconds. When the 
participant started to move into another lane to 
follow the preceding car, the following car 
situated on the destination lane accelerated by 50 
m/s2 to suddenly approach the participant’s car 
and stay in the blind spot zone. This collision 
event occurred with a probability of 1/3 for each 
lane change. This probability is equal for both 
the left lane change situations and the right lane 
change situations. The participant was instructed 
to act to avoid collisions as soon as they detected 
events. The ADVISE, or standard BSW, was 
show right after a car appeared in the 
participant’s blind spot. The following car stayed 
in the blind spot zone for 5 seconds and then 
decelerated to reach the original time headway. 
 
5.4. Collected data 
We measured indicators of the drivers’ actions 
(use of the brake, accelerator…) and car 
dynamics (speed, acceleration…). We also 
measured driver’s eye position with an SMI eye 
tracker placed on the driver’s head and paired 
with the OptiTrack motion capture system to 
extend the visual field of the SMI camera. 
An additional ergonomics questionnaire was 
given to the participants after each driving 
session to measure the cognitive load, usability 
and the user preferences. 
 
5.5. Procedure 
All participants gave informed consent to 
participate in this research study. An 
ophthalmologic examination was conducted to 
assess binocular visual acuity, contrast sensitivity 
and peripheral visual field. They also completed 
a Mini-Mental State Examination (MMSE). 
During the driving simulator session, the subjects 
were accompanied by an experimenter (an 
ergonomist). To become familiar with the driving 
simulator the participants were provided with 15 
min of free driving time. They were next 
instructed on the two interfaces and the BSW 
ADAS. Then, the participants practiced the 
experimental task of following a preceding car. 
The conditions were counterbalanced to control 
for the independent variable “Interface”. Thus, 
half of the participants tested the ADVISE 
interface first and the standard interface second, 

and half participants in the reverse order. Each 
interface was divided into two testing session of 
10 minutes each. Finally, all participants 
completed an ergonomics questionnaire. 
 
6. RESULTS 
 
6.1. Percentage of Gaze duration 
Thanks to the coupling of the oculometry system 
and the motion capture system it is possible to 
obtain the position of the eye on a large area 
from the left-wing mirror to the right-wing 
mirror. we could measure the time spent by 
foveal vision on the following areas of interest 
(see figure 2 below): road (red area), ADVISE 
interface (yellow area), mirrors (blue area) and 
dashboard (green area). These gaze durations 
were collected during only one of the sessions for 
each interface. 

 
Figure 2.  areas of interest: road, ADVISE 
interface, mirrors and Dashboard. 

We summed the duration on each area of interest 
for all the subjects, for each interface session 
testing, and calculated from this the percentage 
of time spent on each area for each left or right 
lane changing event. We focused here on the four 
main areas, presented in table 1.  

Table 1. Percentage of gaze duration for all areas 
of interest. 

 

We did a repeated measures ANOVA to check if 
differences were significant (if p >5%) or not 
(NS). There is a significant difference for the 
percentages of time looking at the road between 
the ADVISE interface and the standard interface. 
Drivers look more at the road with the ADVISE 
interface (p<.05) than for the standard interface.  
This is observed for both the left lane change 
situations (p<.05) and for the right lane changes 
situations (p<.05).  

As it was not possible, for the standard interface, 
to distinguish between looking at the interface 
and looking at the mirrors we grouped those two 
measures for the ADVISE interface. In this case, 
the percentage on the interface is reduced for the 
ADVISE interface compared to the standard 

Left Right Left Right
Road 61% 73% 45% 52% p<.05
Mirrors 10% 3% 26 23
Interfaces 6% 2%
Dashboard 13% 9% 13% 12 ns

Area of 
interest

Advise interface testing Standard Interface 
testing differences

p<.05
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interface (p<.05) and this result is also observed 
for both the left lane change situations (p<.05) 
and for the right left change situations (p<.05). 

Finally, we do not observe any difference for the 
time spent looking at the dashboard between the 
session with the ADVISE Interface and with the 
standard interface. 
 
6.2. Collisions 
Of the 14 subjects, 8 encountered at least 1 
collision during the test phase. The overall 
number of accidents represented 16 collisions out 
of 280 trials in total (5% of Observations). 
Furthermore, we do not observe significant 
differences between the two conditions with the 
ADVISE interface or with the Standard Interface. 
 
6.3. Lateral position on the lane. 
We measured the maximum deviation (in meters) 
from the center of the lane when using the 
ADVISE and standard interfaces. The maximum 
deviations seem relatively close from one 
interface to another. The following figure 3 
reports the mean and standard deviation for the 
maximum deviation on the lane using the 
ADVISE and the standard interfaces. The results 
of an ANOVA revealed no significant difference 
in the maximum deviations between the two 
driving conditions (F <1). 
 

 
Figure 3. Mean and standard deviation for the 
maximum deviation on the lane using the two 
interfaces. 
 
6.4. Ergonomics questionnaire 
Cognitive load Wilcoxon signed-rank tests for 
matched samples were performed to compare 
scores of mental demand, visual demand, 
Interference and performance between the two 
interfaces (see figure 4 below). The analysis 
shows that the interference score is at higher 
level for the ADVISE interface than for the 
standard interface (p <0.05). We also observe 
that mental demand and performance approached 
significance with a lower score for mental 
demand and a higher score for performance for 
the ADVISE interface (p=.083 and p=.072 
respectively). Finally, the static analysis do not 

show any interface effect for visual demand 
scores (W = 18, p = 0.352).  

 

Figure 4. Mean cognitive load scores for both 
interfaces. 

Acceptability Acceptability was measured 
through the two-dimensions of utility and 
Satisfaction. Wilcoxon signed-rank tests for 
matched samples were performed to compare the 
utility and satisfaction scores of the two 
interfaces. The results show a significantly 
higher utility score and satisfaction score for the 
ADVISE interface than for the standard interface 
(for both tests: p <0.05). 
 
User preferences Finally, we proposed some 
questions about the preference for the two 
interfaces. Participants prefer the ADVISE 
interface (79%) to the standard interface (29%). 
All the participants found “adequately visible” 
the ADVISE interface while 35% of participants 
found “not visible enough” the standard 
interface. 86% of participants think that the 
ADVISE interface can help them to be more alert 
while only 50% thought this for the standard 
interface. Finally, 72 % of participants would use 
the ADVISE interface while only 36% the 
standard interface. 
 
7. DISCUSSION 
 
The results of the present study validate that 
older drivers can keep their foveal vision on the 
road better with the ADVISE interface. Eye 
Tracker data analysis show that with the 
ADVISE interface the driver does not need to 
look directly at the interface as often as the 
mirror blind spot warning. This result may be 
explained by the fact that the driver takes in the 
information through their peripheral vision. 
Visual distraction is thus minimized since the 
drivers can keep their eyes on the road to control 
the gap with the car he wants to overtake. This 
improvement leads to safer situations, especially 
for older drivers, since it becomes more and more 
difficult with aging to deal with dual task 
situations due to an age related executive 
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function deficit. Thus, the ADVISE interface 
should preserve against distraction and 
interference and thus support inhibition which 
enables quick and efficient reaction to sudden 
hazardous situations. 
The ADVISE interface has not shown any 
detrimental effects and has shown itself to be as 
good as a conventional interface for avoiding 
accidents and maintaining the lateral position on 
the road. Further to this, our analysis of the 
ergonomic questionnaire indicates that the 
participants seem to be more disturbed in their 
driving by the standard interface than by the 
ADVISE interface. Older drivers tend to report 
better performance and less mental demand with 
the ADVISE interface than with the standard 
interface. Furthermore, older drivers also find the 
ADVISE interface more useful and report more 
satisfaction while using it. Thus, older drivers 
appreciated the ADVISE interface and found it 
useful to the blind spot ADAS and overtaking 
situations.  

 
8. CONCLUSION 
 
To summarize, we have developed and 
investigated the effects of an augmented reality 
HUD interface for older drivers and visually 
impaired drivers. The results of this study 
confirm that augmented reality dedicated to 
peripheral vision appears to be a good solution to 
efficiently integrate ADAS. We can conclude 
that the ADVISE interface leads to changes in 
driving behavior. With such an interface, older 
drivers can keep their eyes straight ahead for a 
longer time during their preparation for the lane 
change manoeuver.  Older drivers also claim 
more comfort with such an interface.  

This interface has been design to deal with 
central and peripheral visual problems. All of our 
participants were able to use this interface, 
including the participants with early central and 
peripheral deficits. Moreover, the population 
investigated in this study were fairly young older 
drivers without prominent impairments. In a next 
step, we propose to test this interface with 
patients presenting a more pronounced visual 
deficit. 

Our test has been designed without auditory 
warning. Thus, our results indicate that the 
interface presented alone is efficient. However, it 
would be interesting to couple the ADVISE 
interface with an auditory warning and test it 
again. 

Although this interface has been developed for 
older drivers with a visual deficit, it may 
nevertheless be of use to younger drivers. 

The findings of this research may help interface 
designers to create ADAS interfaces adapted for 
the older driver population. 

Furthermore, with such an interface we could 
envisage the development of a calibration system 
which would optimize the visual HUD inputs 
according to the visual characteristics and, more 
particularly, to the pathology of each driver. 
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ABSTRACT 

 

Accidents involving Vulnerable Road Users (VRU) are still a very significant issue for road safety. According to 

the World Health Organisation, pedestrian and cyclist deaths account for more than 25% of all road traffic deaths 

worldwide [1]. Autonomous Emergency Braking Systems have the potential to improve safety for these VRU 

groups. 

The PROSPECT project (Proactive Safety for Pedestrians and Cyclists) aims to significantly improve the 

effectiveness of active VRU safety systems compared to those currently on the market by expanding the scope of 

scenarios addressed by the systems and improving the overall system performance.  

The project pursues an integrated approach:  

Newest available accident data combined with naturalistic observations and HMI guidelines represent key inputs 

for the system specifications, which form the basis for the system development. 

For system development, two main aspects are considered: advanced sensor processing with situation analysis, 

and intervention strategies including braking and steering. All these concepts are implemented in several vehicle 

prototypes. Special emphasis is put on balancing system performance in critical scenarios and avoiding 

undesired system activations. 

For system validation, testing in realistic scenarios will be done. Results will allow the performance assessment 

of the developed concepts and a cost-benefit analysis.  

The findings within the PROSPECT project will contribute to the generation of state-of-the-art knowledge, 

technical innovations, assessment methodologies and tools for advancing Advanced Driver Assistance Systems 

towards the protection of VRUs. 

The introduction of a new generation safety system in the market will enhance VRU road safety in 2020-2025, 

contributing to the ‘Vision Zero’ objective of no fatalities or serious injuries in road traffic set out in the 

Transport White Paper [2]. Furthermore, the test methodologies and tools developed within the project shall be 

considered for the New Car Assessment Programme (Euro NCAP) [3] future roadmaps, supporting the European 

Commission goal of halving the road toll in the 2011-2020 timeframe. 

 

KEYWORDS: 

Active safety, Advanced Driver Assistance Systems (ADAS), Vulnerable Road Users (VRU) 



INTRODUCTION 

In 2015, more than one quarter of the Europe’s 

road traffic deaths were suffered by pedestrians 

(26%) and cyclists (4%), according to the World 

Health Organization (WHO) [1]. These percentages 

show the magnitude of the problem and the need to 

take action in order to reduce these figures (see 

Figure 1). 

 

 
Figure 1: Road traffic deaths by type of road 

user in Europe (Source: WHO, 2015) 

Current Autonomous Emergency Braking (AEB) 

systems in the market have the capability to avoid 

or mitigate certain accidents with VRU. 

Nevertheless there is still high potential for 

improvement in this field. 

 

PROSPECT (Proactive Safety for Pedestrians and 

Cyclists) is a collaborative research project funded 

by the European Commission under Grant 

Agreement nº 634149.  

 

The overall objective of the project is to provide a 

better understanding of VRU-related accidents and 

to develop, demonstrate and test an innovative, 

(pro) active safety system for protecting VRUs. 

The new system is aimed at being more effective 

than those currently on the market; this will be 

achieved by addressing more accident scenarios 

and improving the overall system performance. 

 

PROSPECT focusses on active safety solutions, 

where vehicle-based sensors survey the vehicle 

surroundings. Advanced algorithms enable safety 

related decision-making and the system developed 

will take action in case of a critical situation with a 

VRU. 

 

PROSPECT started in May 2015 and ends in 

October 2018. The present paper aims to provide 

an overview of the methodology followed within 

the project as well as the main findings.  

METHODOLOGY 

The project follows an integrated methodology: in-

depth accident analysis and naturalistic 

observations in multiple European countries were 

performed to gain improved understanding of 

VRU-related accidents. This knowledge is the key 

to tailor effective sensor processing, Human 

Machine Interface (HMI), driver warning and 

vehicle control strategies to be integrated in 

simulators and vehicle demonstrators. These 

demonstrators will in turn be used in functional and 

user acceptance tests.  

Tests on the demonstrators will be performed in 

realistic traffic conditions and with novel dummy 

specimen, where the insights from the earlier in-

depth accident analysis and naturalistic observation 

studies are again utilized. Test procedures will be 

proposed to Euro NCAP and the test results will be 

used for benefit estimation. 

Accident analysis 

The first stage of the project included macro 

statistical and in-depth accident studies involving 

VRUs, performed in Europe and focused mainly in 

pedestrians and cyclists.  An overview and an in-

depth understanding of the characteristics of road 

traffic crashes involving vehicles (focus on 

passenger cars) and VRUs (i.e. pedestrians, 

cyclists, riders of mopeds, e-bikes or scooters) was 

provided for different European countries.  

The in-depth understanding of the crashes included 

the identification of the most relevant road traffic 

“accident scenarios” and levels of injury severity 

sustained, as well as the transport modes that 

represent a higher risk for VRUs. Besides extensive 

literature studies, comprehensive data analyses 

were performed including information from recent 

years. 

Several crash databases were analysed and 

compared: the CARE database (Europe), the 

German, Swedish and Hungarian national road 

traffic statistics as well as the in-depth databases 

IGLAD (Europe), GIDAS (Germany), from Central 

Statistical Office (Központi Statisztikai Hivatal – 

KSH) and the Volvo Cars Cyclist Accident 

Database (Sweden).  

 



Naturalistic Observations 

Complementary to accident studies, naturalistic 

observations were carried out to provide 

information that cannot be inferred from accident 

databases, since these usually do not contain 

detailed information about the time before the 

conflict happened. 

 

The first step was to acquire data about indicators 

of VRU’s behaviours that sign their intent in the 

near future. Naturalistic observations were also 

used to study correctly managed situations by the 

road users that could have led to false alarms 

should the decision be taken by an active safety 

system.  

 

As seen in Figure 2 and Figure 3, two types of 

naturalistic observations were carried out in three 

countries. A first data set (France and Hungary) 

was collected from on-site observations by 

infrastructure-mounted cameras. A second data set 

was collected by cars equipped with sensors and 

cameras (Hungary and Spain) in order to observe 

interactions with surrounding VRUs. 

 

 
Figure 2: View from infrastructure-mounted 

cameras 

 

Figure 3: Video data from in-vehicle camera 

A set of parameters was codified for the traffic 

conflicts identified in the acquisition. They 

describe general environmental conditions of the 

conflict, infrastructure characteristics (such as 

layout, amount of lanes, speed limit, etc.), 

characteristics of the VRU, characteristics of the 

conflict (visibility, right of way, yielding, conflict 

management, etc.), VRU intent (i.e. gesture and 

head/torso orientation), kinematics and trajectories 

of vehicle and VRU. 

 

Focus groups 

Focus groups were conducted in the United 

Kingdom and The Netherlands in order to 

investigate additional characteristics of VRU 

through traffic, in particular for cyclists. 

Participants were asked to imagine that they were 

cycling or driving and the objective was to identify 

factors that potentially indicated a cyclist’s/driver’s 

behaviour. 

 

User acceptance studies 

Acceptance by the user is a key factor to be studied 

in order to ensure the success of the system. As 

unjustified system interventions are of special 

importance, a simulator study was conducted in 

order to explore the relationship between false 

alarms and driver acceptance.  

This activity was performed in a Pedestrian Alert 

System (PAS). Subjects were requested to drive 

during a short time period, encountering different 

situations of conflict with pedestrians as well as 

warning actions taken by the system. The objective 

was to investigate appropriate warning times.  

 

System specification 

The most relevant accident scenarios obtained in a 

previous phase were clustered in “Use Cases” or 

“target scenarios” addressed by the project.  

Use cases include detailed information about the 

road layout, right-of-way, as well as manoeuvre 

intention of the driver. Use Cases are the key for 

the system specification, which is the basis for the 

development of the new active safety system within 

the PROSPECT project.  

Additionally, Naturalistic observations and Focus 

groups were used to contribute to the specification 

of the use cases, and to calibrate the most 

representative cases that will be used for the test 

development. 

 

HMI and actuation technologies 

HMI guidelines were also generated in the context 

of an automated VRU detection system. Based on 

the literature, a set of heuristics to guide the choice 



of feedback mode for the different actions of an 

automated system was defined in order to provide 

HMI recommendations as part of the system 

specification. 

 

System development and demonstrators 

For system development, two main aspects are 

considered:  

 Advanced sensor processing with situation 

analysis. 

 Intervention strategies including braking 

and steering. 

All the developed concepts will be implemented in 

several vehicle prototypes.  

Special emphasis will be put on balancing system 

performance in critical scenarios and avoiding 

undesired system activations. 

 

Testing activities 

A collection of ‘test scenarios’, representative for 

all accident scenarios, was required to be defined 

and specified within the project. These cases must 

take into account relevant parameters and values in 

order to test and validate the new systems. 

PROSPECT considers of special relevance the 

following testing activities: 

- Vehicle-based functional tests, the actual 

conduction of the tests on appropriate test tracks 

and locations, and the deployment of appropriate 

test tools (in particular bicycle dummy and 

propulsion system). 

- Testing in driving simulator: testing the designed 

safety measures in real traffic with normal drivers 

induces risks that cannot be afforded at such early 

stages of the system development. Thus, full 

motion driving simulators will be used for the 

collection of data regarding the interaction between 

the driver and the safety function. The driving 

simulator studies aim specifically to evaluate 

HMI/warning in combination with automatic 

intervention by braking and/or steering with the 

driver in the loop. 

- User acceptance is also crucial for the success of 

all active safety systems - if the systems are 

unacceptable for the drivers (e.g. annoying), they 

could be permanently turned off and would then 

have no effect on traffic safety. Moreover, if 

interventions of active systems are rare, they may 

lead to unpredictable reactions from non-aware 

drivers. 

 

 

RESULTS 

Main results on accident analysis, use cases, user 

requirements and HMI guidelines, first 

developments and testing activities are presented in 

this section. 

 

Accident analysis 

An in-depth accident analysis involving VRUs was 

already performed in Europe, focused mainly in 

pedestrians and cyclists.  The most relevant 

accident scenarios have been clustered in use cases 

or target scenarios addressed by the project. 

The focus of the project was on crashes with two 

participants. All relevant VRU traffic scenarios 

were considered, with a special focus on urban 

environments, where the large majority of VRU 

accidents occur.  

Regarding the injury severity of the Vulnerable 

Road Users two groups were considered: first 

“slightly, seriously injured and killed (SSK) VRU” 

and second “killed and seriously injured (KSI) 

VRU”. Early investigations showed that the crashes 

between passenger cars and pedestrians or cyclists 

are from highest relevance for Europe.  

Figure 4 shows a summary of the most relevant 

accident scenarios related to car-to-cyclist crashes 

that were generated from this study. 

 

Accident type UTYP Pictogram
PROSPECT pictogram 

(basic version)

(I) Car straight on, cyclist 

from near-side

(II) Car straight on, cyclist 

from far-side

(III) Car turns

(IV) Car and cyclist in 

longitudinal traffic

(V) Others  

Figure 4: Most relevant car-to-cyclist scenarios 

Additionally, from the most relevant accident 

scenarios detailed car-to-cyclist crash analyses 

have been performed focusing on the causation of 

crashes: car-to-cyclist accidents have been analysed 

from the car driver’s point of view. With this 

approach deeper insight could be gained about the 

situations faced by the drivers especially why they 



sometimes failed to manage these crash situations 

[4]. 

Regarding car-to-pedestrian accidents, the Accident 

Scenarios introduced in the European project 

AsPeCSS [5], [6] were considered as basis. The 

information obtained from the analysed databases 

confirmed that the Accident Scenario 1 “Crossing a 

straight road from nearside; no obstruction” was 

ranked highest regarding killed or seriously injured 

pedestrians, and the Accident Scenario 2 “Crossing 

a straight road from the offside; no obstruction” 

was ranked highest regarding all pedestrian injury 

severities. An additional Accident Scenario 

“Driving backwards” was considered. The most 

relevant car-to-pedestrian accident scenarios can be 

seen in Figure 5. 

PROSPECT_UC_PD_x

(x=1…8)
Pictogram in % Description

PROSPECT_UC_PD_1

PROSPECT_UC_PD_2

23% 

22%

Crossing a straight road 

from near-side / off-side; 

No obstruction 

PROSPECT_UC_PD_3a

PROSPECT_UC_PD_3b

5,5%

5,5%

Crossing at a junction from 

the near-side / off-side; 

vehicle turning across 

traffic 

PROSPECT_UC_PD_4a 4%

Crossing at a junction from 

the near-side / off-side; 

vehicle not turning across 

traffic 

PROSPECT_UC_PD_5

PROSPECT_UC_PD_6

10%

7%

Crossing a straight road 

from near-side / off-

side;With obstruction 

PROSPECT_UC_PD_7a

PROSPECT_UC_PD_7b
3%

Along the carriageway on a 

straight road away from 

vehicle / towards vehicle; 

No Obstruction

PROSPECT_UC_PD_8 No Pictogram 6% Driving Backwards

Others 14% Others  

Figure 5: Pedestrian accident scenarios 

The ‘Accident Scenarios’ obtained from the studies 

describe the type of road users involved in the 

accident, their motions (e.g., the motion of the 

cyclist or pedestrian relative to the vehicle) 

expressed as ‘accident types’ and further contextual 

factors like the course of the road, light conditions, 

weather conditions and view obstruction. More 

information is available on the project deliverable 

D2.1. “Accident Analysis, Naturalistic Driving 

Studies and Project Implications” [7]. The most 

relevant accident scenarios have been clustered in 

“Use Cases” or “target scenarios” addressed by the 

project. 

 

Naturalistic Observations 

Analyses performed for each conflict identified 

during the naturalistic observations provide 

descriptions of a battery of VRUs’ characteristics, 

which helped to identify the clues that can predict 

VRUs’ behaviour in the near future, such as head 

and torso orientation. 

Besides, kinematic information is able to give clues 

about VRU path prediction. 

Additional studies were performed in order to 

determine the influence of scene context on certain 

cyclist behaviour parameters based on already 

available data sets.  

The information about Naturalistic Observations 

and additional studies is available in Deliverable 

D2.1. [7]. 

 

Focus groups 

The subjects (cyclists and drivers) in the focus 

groups identified behavioural cues which were 

considered relevant in indicating or influencing 

cyclists.  

Additionally, environmental characteristics which 

may also affect a cyclist’s future path, such as road 

characteristics which the subjects felt may affect a 

cyclist’s/driver’s behaviour were identified. 

This information has an influence on the user 

requirements of the system to be developed. In-

detail information can be found in [8]. 

 

User acceptance studies 

A novel model of user acceptance was developed 

based on the understanding gained from the 

literature review and the first simulator study to 

investigate driver acceptance, initially looking at 

Pedestrian Alert Systems.  

The study was carried out on subjects driving for a 

short time period and resulted in an average 

warning time range which seemed to be more 

appropriate for driver acceptance. Nevertheless, 

further work should also consider other factors that 

are likely to influence the reliability and capability 

of PAS and contribute to false alarms. 

Besides, it is necessary to consider the longitudinal 

effects of familiarisation with a technology, which 

is likely to influence acceptance over 

days/weeks/months of exposure.  

In detail information can be found in one of the 

project’s deliverables (D2.2. “User needs and 

functional requirements”, see [9]). 

 

A methodology for user acceptance is currently in 

development within the project, focusing on the 

balance between performance and unjustified 

activations of the system. 

 



System specification and use cases 

The initial derivation of use cases was made from 

GIDAS data, which was weighted and clustered. 

The first derivation of Use Cases was later cross-

checked and confirmed by a case-by-case analysis. 

A new method was developed within the project 

which, unlike previous approaches, compiles the 

analysed use cases, case-by-case, taking into 

account the driver`s point of view [4].  

 

As a result of this methodology, in total 37 car-to-

cyclist use cases were defined. For every use case 

the following data is available: number of fatally 

injured persons; number of seriously injured 

persons; number of slightly injured persons, 

pictograms, accident coverage that corresponds to 

the derived use cases. In-detail information is 

available on Deliverable D3.1 of the project [9]. 

 

Relevant parameters that are useful for designing 

an (pro) active VRU System based on the 

experience in developing AEB VRU Systems were 

defined for each Use Case: age, time of day, 

obstruction, initial speed of the vehicle, collision 

speed of the vehicle, initial speed of the cyclist, 

collision speed of the cyclist, age of the cyclist, 

percentage of daytime, and percentage of 

obstruction. Some of these parameters are shown in 

Figure 6, Figure 7 and Figure 8: 

 

  

 

Figure 6: Accident pictograms (on the right, 

PROSPECT pictogram) 
 

     

 

 

Figure 7: Use Case - velocity profiles 

 

 

Figure 8: Use Case information about 

obstruction and time of day 

Most car-to-pedestrian scenarios were already 

available from the ASPECCS project, hence focus 

was put on the pedestrians turning scenarios, 

defining the next parameters: injury level, age 

distribution of the pedestrian, junction layout, 

velocities of the collision partners, impact location 

on vehicle, position of the collision partners in the 

junction area at time of impact, vehicle dynamic 

status at time of impact. 

Based on the derived Use Cases, the sensor 

specification was achieved including hardware 

characteristics (e.g. stereo vision base line, image 

resolution, microwave radar sensitivity/accuracy, 

field of views) and items that relate to the sensor 

processing e.g. VRU detection area, correct vs. 

false recognition rates, localization accuracy, and 

computational latencies. 

 

HMI, actuation and control strategies 

An HMI guideline was generated focusing on the 

choice and combination of modes/feedback types 

for active safety system actions at various ‘levels of 

automation’ (LOA). This information is available 

on D2.2. “User needs and functional requirements”, 

see [9]. 

The HMI specification includes modes to present 

information and warnings to the driver and its 

timing. All of the different possible feedback types 

possible within a vehicle were considered, starting 

with a classification into modes: visual, auditory 

and haptic. 

Detailed information of the HMI design to support 

AEB systems (extended to Autonomous Vehicle 

Systems) performed within PROSPECT is 

described on [10]. 



Furthermore, the specification of the vehicle 

control components to be developed within the 

project includes not just warning or information 

actions, but also highly dynamic braking and 

automated steering actions. 
 

System development and demonstrators 

The development work of the sensor processing 

components is already in progress, and preliminary 

prototypes will be available for testing in 2017. The 

developed sensors intend to support a larger 

coverage of accident scenarios by means of an 

extended sensor field of view (e.g. frontal stereo 

vision coverage increased to about 90°, radar 

coverage increased up to 270° covering vehicle 

front and one side), high-resolution / sensitivity 

microwave radar sensors (i.e. MIMO – Multiple 

Input Multiple Output), and micro-Doppler effect 

for radar-based VRU classification.  

Based on VRU detected and captured information 

over time, the first models of determination of 

critical situations and collision risk estimation were 

obtained.   

Situation analysis, driver / VRU information / 

warning and vehicle control strategies are also 

under development. In certain situations, the 

system will be expected to send a warning signal to 

the driver. However, in emergency situations that 

cannot be handled by the driver, the system will 

take immediate control over the vehicle. 

Conceptual plans have been designed regarding 

vehicle control strategies for braking, steering or 

combined braking / steering interventions that will 

be later implemented into the demonstrator 

vehicles.  

Multiple demonstrators (three vehicles, one 

corresponding vehicle / simulator, one mobile 

simulator, dummy specimen) will integrate the 

different technologies including sensor setup 

position and orientation, sensor fusion, 

environment information evaluation and 

processing, actuators and HMI required covering 

the selected relevant use cases.  

Information about the demonstrators to be 

developed in the project is available on Deliverable 

D3.2. [12]. 
 

Testing activities 

From the accident scenarios, the most 

representative test cases were defined in the 

project, resulting in a preliminary test protocol, 

available in Deliverable D7.4 of the project [13].  

A driving simulator fulfilling the required 

characteristics was already implemented in order to 

be able to execute a first subset of the PROSPECT 

use cases. 

Preparation of the test tracks will be necessary and 

is currently in process. 

Finally, in the context of testing tools development, 

advanced articulated dummies – Pedestrian and 

Cyclist – are already under study to obtain higher 

degrees of freedom (head rotation, torso angle, 

pedalling, side leaning, etc.) and an improved 

behaviour during the acceleration- and stopping-

phase.  
 

CONCLUSION 
 

The know-how obtained in the accident analysis 

and the derivation of the PROSPECT use cases 

enable the development of improved VRU sensing, 

modelling and path prediction capabilities. These 

will facilitate novel anticipatory driver warning and 

vehicle control strategies, which will significantly 

increase system effectiveness without increasing 

the false alarm / activation rate.  

Knowledge and technologies to be developed in the 

project will be relevant for different vehicle 

categories (passenger cars, vans, trucks and buses), 

with main focus on passenger cars. 

The project will result in a more complete set of 

vehicle control measures that can be taken to 

avoid/mitigate VRU accidents (combined steering 

and braking) and the means to communicate system 

operation in an intuitive and effective way to the 

driver. The project will also define novel test 

equipment and test methodologies and procedures 

which will be proposed to the Euro NCAP 2020 

test programmes. 

The impact of the system developed is expected to 

increase in about 36% with respect to the state-of-

the-art systems, representing a significant reduction 

in terms of VRU accidents. This percentage is 

tentatively calculated taking into account accident 

coverage and system effectiveness. 

An important aspect of the project will be to 

estimate the real-world benefit of the developed 

systems, i.e. the improvement for traffic safety in 

terms of saved lives or serious injuries and the 

resulting overall benefit - not only the system 

performance measured in terms of detection rate or 

speed reduction.  

The findings within the project presented in this 

paper will contribute to the next generation of state-

of-the-art knowledge about accident analysis, 



advanced sensing, decision-making and control 

technologies, assessment methodologies and tools 

for advancing Advanced Driver Assistance 

Systems towards the safety of VRUs. Moreover, 

the project results will also enable the improvement 

of today’s ADAS features and will be useful to 

solve some of the challenges for the development 

and deployment increasingly automated vehicles 

towards fully autonomous vehicles. 
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ABSTRACT 
 
Accidents between right turning trucks and straight driving cyclists often show massive consequences. Accident 
severity in terms of seriously or fatally injured cyclists that are involved is much higher than in accidents of other 
traffic participants in other situations. It seems clear that adding additional mirrors will very likely not improve the 
situation. At ESV 2015, a methodology to derive test procedures and first test cases as well as requirements for a 
driver assist system to address blind spot accidents has been presented. 
However, it was unclear if and how testing of these cases is feasible, to what extent characteristics of different truck 
concepts (e.g. articulated vehicles, rigid vehicles) influence the test conduction and outcome, and what tolerances 
should be selected for the different variables. This work is important for the acceptance of a draft regulation in the 
UN working group on general safety. 
In the meantime, three test series using a single tractor vehicle, a tractor-semitrailer combination and a rigid vehicle 
have been conducted. The test tools (e.g. surrogate devices) have been refined. A fully crashable, commercially 
available bicycle dummy has been tested. If used correct, this dummy does follow a straight line quite precisely and 
it does not cause any damage to the truck under test in case of accidental impact. The dummy specifications are 
freely available. 
During testing, the different vehicle categories resulted in different trajectories being driven. Articulated vehicle 
combinations did first execute a turn into the opposite direction, and on the other hand, single tractor vehicles did 
behave comparable to passenger cars. A possible solution to take these behaviors into account is to require the 
vehicles to drive through a corridor that is narrow for a precise straight-driving phase and extends during the turn. 
Other investigated parameters are the dummy and vehicle speed tolerances. 
 
The results from this research make it possible to draft a regulation for a driver assistance system that helps to avoid 
blind spot accidents: test cases have been refined, their feasibility has been checked, and corridors for the vehicles 
and for important parameters (e.g. test speeds) have been set.  
The test procedure is applicable to all types of heavy goods vehicles. In combination with the accidentology (ESV 
2015 paper), the work provides the basis for a regulation for such an assistance system. 
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INTRODUCTION 
The share of accidents at crossings and intersections 
between right turning trucks and cyclists that move 
straight is rather low with regard to other accident 
types, however these accidents are particularly severe 
if the cyclist is hit and as a consequence overrun. 
Such cases always cause high public awareness due 
to the appalling implications for the victim as well as 
for the involved truck driver so that countermeasures 
are required. 
 
Advanced driver assistance systems (ADAS) are state 
of the art for current passenger cars. These systems 
can already interpret traffic situations and 
appropriately warn the driver or even intervene, for 
instance by activating brakes or steering. 
 
Several aftermarket solutions with differing 
characteristics have been on the market for quite 
some time, but by the time of writing, only one truck 
manufacturer offers a turning assistance system for 
its own vehicles. Almost all other important truck 
manufacturers and tier-one suppliers are either 
developing systems or have been showing 
demonstrators in the last years. 
The system characteristics (including sensors and 
ranges) and information-warning-intervention (IWI) 
concepts differ heavily between these different 
systems. The following Table 1 gives an overview. 
The technology overview shows that there are no 
common information-warning-intervention concepts 
or system characteristics, yet all those systems are 
available as driver assistance systems for right-
turning trucks. From a traffic safety point of view, it 
would be essential to set minimum requirements for 

those systems in order to address the majority of 
accidents. 
To support this, Germany has committed itself to 
draft an international regulation on UN ECE level for 
advanced driver assistance systems for right-turning 
trucks that especially target blind-spot accidents. This 
draft regulation sets requirements for these systems 
and can be the basis for making turning assistance 
systems mandatory, should lawmakers choose to do 
so. 
Activities concerning fundamental research on 
typical accident configurations, trajectories and speed 
relations between truck and cyclist were presented at 
ESV 2015 (see paper 15-0286 [1]), but since then, the 
status has progressed: Test procedures have been 
developed, verified with driving tests, presented to 
the United Nations, and finally a proposal for the 
international regulation has been submitted. 
 
This paper will give a short summary about the 
previous results, describe the draft regulation that 
BASt has developed on behalf of the Federal 
Ministry of Transport and show the results from 
validation tests. 
Details on general requirements, accidentology and 
derivation of the use cases can be found in the 
previous paper. 
 
PREVIOUS WORK 
Accidentology 
Starting from an in depth analysis of accidents, 
parameters and circumstances being characteristic in 
accidents with cyclists and right turning trucks were 
identified. Data at hand shows that the velocity is up 
to 30 km/h for the truck and up to 20 km/h for the 

Table 1: Overview of driver assistance systems for right-turning trucks 
System (Year) Technical 

Maturity 
Sensor concept IWI concept 

MAN MoTiV (2000) 
[2] 

Demonstrator, 
discontinued 

LASER scanner, region unknown Unknown 

Mercedes Benz Blind-
Spot Assist (2016) [3] 

Announced for 
production 

RADAR, viewing region from rear of 
articulated truck up to 2 m in front 

Information, Warning, 
not coupled to turn 
signal activation 

Volvo Intersafe-2 
(2011) [4] 

Demonstrator Sensor fusion of 5 LASER scanner, 
several ultrasonic sensors, mono camera, 
covering the side of the truck up to 15 m 
in front 

Information, Warning, 
(coupling to turn signal 
unknown) 

Fuel Defend Side-
Warn (2014) [5] 

Aftermarket 4 ultrasonic sensors covering side of 
vehicle only 

Warning, coupled to 
turn signal activation, up 
to 26 km/h 

FusionProc CycleEye 
[6] 

Aftermarket RADAR and Camera Warning/Information 
(unknown) 

Safety  Shield Systems 
CycleSafetyShield [7] 

Aftermarket Multiple Cameras covering side and 
front 

Warning/Information 
(unknown) 

Sentinel BikeHotspot 
[8] 

Aftermarket Ultrasonic sensors Warning (internal and 
external) up to 16 km/h 
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bicycle. At the beginning of the critical situation the 
truck and the cyclist move parallel with a lateral 
distance of 1.5 m up to 4.5 m. Although there is no 
precise information about curve radii it can be 
assumed that the inner side of the truck propagates 
predominantly on a radius between 5 m and 10 m 
since accidents occur in built-up areas. However, 
there can be junctions with triangular traffic islands 
where the radius is up to 25 m. Obstructions for the 
view of the truck driver were present only in a few 
cases. Also bad weather conditions or darkness hold 
only for a small fraction of accidents. 
Assistance Concept 
Considering driving dynamics in terms of reaction 
time and stopping distance for the given initial 
conditions leads to the conclusion that only an early 
and not annoying driver information can serve as 
effective function that assists the driver avoiding the 
accidents. For automatic braking being a massive 
intervention too less experience has been gained so 
far. Well known high priority warnings that are given 
at a late point in time would have no effect since the 
driver reaction time lasts that long that an emergency 
braking maneuver would start too late. 
A (low threshold) informational assistance system, 
however, can be activated sufficiently early, even if 
this happens often, as it helps the driver rather than 
annoys him. Such an approach provides a useful 
solution if the information is made available to the 
driver in an appropriate manner - specifically at a 
time when the truck driver is still able to avoid 
crossing the bicycle trajectory by braking 
comfortably (e.g. with a reaction within 1.4 seconds 
to the warning and a brake deceleration of 5 m/s²). 
It is also anticipated that various traffic situations 
might require an information given at a time when 
the truck has not shown any turn intention yet and is 
still driving straight ahead - especially when the 
bicyclist rides very close to the truck. These cases 
could happen relatively often and would - in case of a 
high-intensity warning system - generate far too 
much warnings and provoke a deactivation. 
But even if the information is given at a low-
annoyance-level, the system should exclude at least 
static objects - otherwise an urban area would 
effectively generate information events all the time. 
Derivation of test cases 
The variables and parameters that allow for 
comfortable braking as well as the accident 
parameters (e.g. speeds, distances etc.) can be used in 
a kinematic model to calculate the areas around the 
truck that have to be covered by a sensing system 
which has to detect cyclists in such a way that the 
driver is informed about the cyclist in time. Within 
the parameter range those special parameter 
combinations can be selected as test cases which 

cover the necessary sensing area with as less test 
cases as possible. 
A set of cases has been derived, as shown in Figure 1, 
with the parameters as shown in Table 1. 

 
Figure 1: Sketch of test cases 

Table 1: Test Cases 

Test 
case 
No. 

vTruck 
[km/h] 

vCycle 
[km/h] 

R 
[m] 

A 
[m] 

L 
[m] 

1  10 20 5 1,5 6 
2  10 20 10 4,5 6 
3  10 20 10 4,5 3 
4  10 20 10 1,5 0 
5  10 10 5 4,5 0 
6  20 10 25 4,5 0 
7  20 20 25 4,5 6 

TEST PROCEDURE AND TOOLS 
Purpose of testing is to verify whether the system 
informs the driver, at least at the latest time at which 
avoidance is still possible (=Last Point of Information 
LPI), defined by the braking performance, driver 
reaction time and kinematics as laid out in the 
preceding section. This means that an object which 
sufficiently appears to any sensor technology as a 
cycle needs to be moved and synchronized to the 
truck according to the proposed test cases (true-
positive tests). Additional false-positive tests are 
required to ensure the system does not inform the 
driver about static objects. This can be a simple 
check for non-activation, for instance with large 
cones or poles next to the truck. 
For tests of pedestrian emergency braking in cars 
using the Euro NCAP test methodology [9], a 
propulsion system for the pedestrian dummy is used 
[10]. The dummy (in this case the bicycle) is pulled 
using a tooth belt. This system is commercially 
available and meanwhile also usable for testing with 
parallel trajectories. A fitting bicycle dummy, 
impactable up to 60 km/h, is in the process of being 
finalized [11]. For the first set of verification tests, 
the tools had not been upgraded by the manufacturer, 
so own modifications and a non-impactable dummy 
had to be used, see Figure 2. 
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Figure 2: Dummy 

 
Figure 3: Dummy propulsion system 

This system can determine the speed of a vehicle via 
Differential Global Positioning System (DGPS) and 
synchronize the movement of the dummy very 
closely with the moving vehicle. The synchronization 
is split into a continuously controlled phase, where 
the dummy speed is controlled to achieve a specific 
impact position, and a second constant speed phase 
where the dummy speed is maintained regardless of 
the truck's speed, and typically the phases change 2 
seconds before the calculated impact. The necessary 
software modifications for an adaption to 
longitudinal blind spot scenarios have been 
successfully implemented.  
While the use of driving robots in testing is possible 
for passenger car tests, it is not recommended for 
truck testing just yet, since the turn trajectory of 
trucks differs for different sizes and trailer types. A 
more realistic way to define the turn is to mark inner 
boundaries for the truck path with cones, see Figure 
4. 
 

 
Figure 4: Test layout on test track 

VERIFICATION TESTS 
The purpose of the tests is to simulate a traffic 
situation where a collision between truck and 
bicyclist will occur if both accident partners would 
continue their movement, and to check whether the 
assistance system is able to classify a traffic situation 
correctly as critical and inform the driver at the 
appropriate times. 
Test accuracy 
Inaccuracies in speeds and trajectory following could 
lead to a situation where no accident would happen, 
for instance when the truck's speed is too low and the 
bicycle has passed the truck trajectory before the 
truck has arrived at the impact point. This situation 
would occur when the synchronization of movement 
does not function correctly.  Anticipated issues in test 
conduction therefore are the precision of the truck's 
trajectory and speed during test conduction (since the 
truck is manually driven, not robot-controlled), as 
well as the functionality of the bicycle's 
synchronization and the accuracy of the bicycle 
speeds. 
Figure 5 shows a plot for an exemplary test run of 
test case 6 (R = 25 m, truck at 20 km/h, bicycle at 10 
km/h, large lateral separation of 4.5 m). Shown is 
bicycle (dotted line) and truck trajectory (desired: 
red, actual: black). A cross marks the last point of 
information on the truck trajectory lines, and the 
green circle shows the point where a prototype 
system would have initialed a warning. The star 
marks the truck's position when the bicycle motion 
starts. 
Note that during the verification test runs, the bicycle 
dummy’s motion was initiated at a time-to-collision 
of 4 seconds, but the test results have shown that this 
is not sufficient for conduction of all test cases. A 
higher value of 8 seconds is proposed in the draft 
regulation document. 
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Figure 5: Trajectory (black) and desired trajectory 

(red) of front right vehicle corner, and trajectory of 

bicycle (dashed), example for test case 6. Crosses 

mark the last point of information. 

The conducted verification tests show that path and 
speeds can in principle be maintained within 
reasonable tolerances: A speed tolerance of ± 2 km/h 
is easily achievable, see Figure 6.  
 

 
Figure 6: Achieved speed tolerances (example for 

20 km/h truck speed) 

For the vehicle trajectory, specified corridors should 
be maintained during the test runs. Besides the 
driver’s ability to follow a defined trajectory, the 
vehicle configuration is an important factor: long, 
articulated vehicle combinations will be driven 
differently in bends than long or short rigid vehicles. 
Figures 7 and 8 show this: The thin lines mark the 
trajectory of the front right corner of the truck; the 
ocre respectively violet areas mark the range covered 
by the body of the vehicle. 
Short rigid vehicles will very likely follow the inner 
curb of the bend, see for instance measurement 

results in Figure 7, and articulated vehicle 
combinations might need to turn first to the opposite 
of the bend to move the trailer away from the inner 
curb, and then negotiate the bend with a much tighter 
radius, see Figure 8.  
This behavior needs to be taken into account in the 
formulation of the upcoming regulation. 
 
 
 

 
Figure 7: Trajectory of a short vehicle 

 
Figure 8: Trajectory of an articulated vehicle 

combination 
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REGULATION 
This section of the paper is intended to give an 
overview over the concepts of the draft regulation as 
submitted to the UN GRSG for the April 2017 
session. Changes to the initial text are expected 
during that session, but this naturally cannot be 
reflected in this text yet. 
The test procedure contained within the draft 
regulation is following this concept: 
• The proposed test procedure as defined in the 

draft regulation defines parametric corridors that 
the  vehicle needs to follow with a speed 
tolerance of ± 2 km/h., see Figure 9 and Table 
10. 

• The synchronization of vehicle and dummy 
object is introduced by defining a longitudinal 
distance (including a tolerance of in total ± 1 m) 
between dummy and vehicle when the vehicle is 
at those specific points, plus a speed tolerance of 
± 0.5 km/h for the dummy movement. 

• Since turn signal use might not happen in 
accidents, the turn signals are explicitly not 
operated during the test runs. 

• The pass or fail of the test will be determined by 
checking if the information signal was given 
before or after a virtual line crossing the test 
track. 

• A simple check for false positives is done with a 
regular road sign and cone markings around the 

test corridor that should not lead to an 
information signal being given, if the truck 
performs the test without a bicycle. 

 
Further details are presented in [12] and [13]. 
 
CONCLUSION 
 
A set of test cases had previously been defined by 
calculating all bicycle positions relative to the truck 
and filling this necessary "sensor field of view" with 
as few as possible test cases, taking into account the 
accident characteristics derived from accidentology. 
The result is a suite of 7 different test cases.  
For testing, commercially available test tools for 
passenger car automatic emergency braking (AEB) 
systems can be used. Verification tests for the test 
suite had been successfully carried out. Acceptable 
tolerances for the truck trajectory and truck speeds as 
well as tolerances for the dummy movement are 
defined, and a draft regulation had been submitted to 
GRSG for discussion at the April 2017 session. 

 
Figure 9: Test Layout 
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Finally, it can be expected that a turning assist system 
that fulfils the requirements and tests elaborated in 
this study will have a very positive influence on 
accident figures concerning right turning trucks and 
cyclists. A draft of a regulation for a driver assistance 
system to avoid blind-spot accidents of right-turning 
trucks will be presented to UNECE afterwards as a 
first step on the road to make these systems 
mandatory. 
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Table 10: Test configurations. Note that test cases marked with a * are comparable to tests without, but with a 

tighter corridor to provoke a different driving style. All kinds of vehicles are expected to perform all 12 test cases.  

New 
Test 
Case 

Orig. 
Test 
Case 

rturn 
vvehicle 

[km/h] 
vBicycle [km/h] dlateral [m] da [m] db [m] 

dc 
[m] 

dbicycle 
[m] 

lcorridor 

 [m] 
dcorridor [m] dcorridor,outer [m] 

Include cone to account 
for  

initial swerving? 
1 1 5 10 20 

1.5 44.4 
15.8 4.3 

< 55 
 

> 70 
 

vehicle 
width  
+ 1m 

5 Yes 
2 4 10 10 20 22 4.4 2 Yes 
3 7 25 20 20 38.3 10.7 1 No 
4 6 25 20 10 

4.5 
22.2 

43.5 10 1 No 
5 5 5 10 10 19.8 2.4 6 Yes 
6 2 

10 10 20 44.4 
14.7 

3.4 
3 Yes 

7 3 17.7 2 Yes 
8 1* 5 10 20 

1.5 44.4 
15.8 4.3 

1 

No 
9 4* 10 10 20 22 4.4 No 

10 5* 5 10 10 
4.5 

22.2 19.8 2.4 No 
11 2* 10 10 20 

44.4 
14.7 

3.4 
No 

12 3* 10 10 20 17.7 No 
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ABSTRACT 

Research Question/Objective: Current advanced driver assistant systems combine the strengths of a human 
driver with the benefits of technical advancements. By raising the vehicle automation level, new human 
factors challenges emerge. Considering level 2 automation, where the driver is required to continuously 
monitor the system and remains responsible for vehicle safety, automation effects like overtrust and underload 
emerge and low vigilance and attention levels could impair driver performance. When reaching level 3 
automation, the driver will still be needed as a fall back level for the automated system. Here, various 
automation effects could impair driver take-over performance and thereby controllability of the overall system, 
which is a combination of the system’s reliability and driver’s availability. To ensure the safety of the 
automated function, in-depth knowledge of the driver’s current state, and hence driver’s availability is 
essential. Moreover, both new standardized evaluation approaches and a common comprehension of the safety 
relevant parameters are necessary. In order to gain a better understanding of drivers in take-over situations, 
fatigue is examined in a driving simulator. Methods and Data Sources: The paper summarizes the different 
existing methods to assess driver state and controllability of level 3 systems, and how aspects such as fatigue 
influence the driver within take-over situations. In a driving simulator study different fatigue levels were 
established by means of slight sleep deprivation combined with hypovigilance and rated on the Karolinska 
Sleepiness Scale. Driver performance was assessed in regard to timing and quality aspects of the take-over. 
Results: The results indicate a correlation between fatigue and drivers’ take-over performance and proves the 
validity of the applied fatigue measures. Discussion and Limitations: Fatigue was investigated in the driving 
simulator which may have limited validity. Fatigue presents particular challenges to the experimental setup, as 
it is difficult to be established artificially. Conclusion and relevance to session submitted: The proposed 
paper examines human performance in a highly automated driving situation under the influence of different 
fatigue levels which helps to assess the safety of future automated vehicles. 
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INTRODUCTION 

The increasing development of automated driving 
functions has shaped the discussion of autonomous 
driving and evoked a broad variety of research 
questions, including implications on the driver 
from a human factors perspective. With partial 
driving automation on the road, the next level will 
be reached by highly or conditional automated 
systems (Level 3, [1]), where the driver does not 
have to continuously monitor the system, but be 
available to occasionally take over vehicle control 
should the system limits be reached. This take-over 
includes a reorientation of a potentially distracted 
driver to the driving task, the relocation of hands 
and feet to the driving position, a buildup of 
situational awareness, selection of an adequate 
response to the system limit and response 
execution. While some system limits may be 
predictable in a timely manner, others may be 
detected very near term and therefore offer a 
limited time budget of only few seconds. Within 
this time-budget the different steps of taking over 
control have to be accomplished by the driver. As 
cognitive resources and physical capabilities are 
limited, factors influencing the time-budget or the 
complexity of the take-over impair the 
performance of the driver and the level of 
controllability of the situation.  

Driver State 
Developing highly automated driving applications 
and the corresponding opportunities for the driver to 
remove himself out of the loop have raised several 
questions regarding the effects of highly automated 
driving on the driver’s state [2]. In SAE automation 
level 3 the driver is no longer requested to 
continously monitor the driving environment and is 
explicitly allowed to take him/herself out of the loop 
and to direct his/her attention to defined non-driving 
related tasks (NDRT). However, he is still 
responsible for taking over control of the vehicle 
when the system reaches its limits. To determine 
whether the driver is still able to take over the driving 
task, and to predict driver’s reaction and performance 
in response to the take-over request (TOR), the driver 
state needs to be monitored. As the driver maintains 
the fallback level of the system, he must maintain a 
reasonable state to be able to appropriately respond to 
the TOR and is, for example, not allowed to fall 
asleep. Hence, the misuse of the system in order to 
sleep while driving in an automated mode may 
increase and should be adressed by driver monitoring 
[3]. 
 
 

Fatigue 
Driver fatigue is a contributing factor in an 
estimated 10-20% of road accidents ([4]; [5]; [6]). 
For manual driving it is assumed that the risk of 
accidents is quintupled due to fatigue [7]. 
Likewise, fatigue can be expected to also impair 
driver performance in take-over situations and 
thereby increase possible associated risks. 
Although yet be verified, it can be assumed that 
high levels of driver fatigue constitute an 
intolerable driver state for level 3 automated 
vehicles. 
In order to understand the specific effects of 
automation two different types of fatigue have to 
be distinguished [3]. Passive fatigue mainly results 
from monotony and underload conditions and may 
therefore even be promoted by automation. In 
contrast, active fatigue in the sense of exhaustion 
and stress by a high workload can be potentially 
reduced by automation. Additionally, the workload 
and the effects of automation on the driver state 
especially depend on the NDRT that is being 
performed while driving in automated mode. 
Considering the respective arousal level created, 
both underload and overload may occur [8]. While 
distracting tasks and tasks with significant 
workload have already been investigated in the 
context of take-over performance [9] [10] 
underload and fatigue as a consequence thereof are 
rather unexplored. Therefore, the focus of this 
study was to investigate passive fatigue to explore 
what happens to the driver when driving with 
highly automated systems without any NDRT.  

Controllability Measures 
For the examination of different influencing factors 
on take-over performance, valid and reliable 
variables have to be evolved. The effect of 
influencing factors will then be expressed in the 
variance of the particular variable. In traditional 
driving studies, as well as in controllability studies of 
level 3 automated vehicles, different measures have 
been established to draw conclusions regarding 
controllability and driver performance. Among 
others, the time to collision (TTC) functions as a 
surrogate safety measure [11], or the occurance of 
crashes as pass/fail criteria [12]. All measures have in 
common, that a correct interpretation depends on the 
scenario. High accelerations, for instance, can imply 
an overreaction of the driver, which must be avoided, 
but also a distinct driver input is necessary and 
desirable to avoid a crash or critical situation. In 
order to generate comparable measures and a generic 
but nonetheless valid controllability assessment, 
information and results can be merged into a 
comprehensive rating, analog to performance 
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evaluation of manual driving [13]. The authors are 
currently not aware of any similar approach available 
for assessing take-over performance in highly 
automated vehicles to that detailed in this paper. 

METHODS 
 
Driving simulator study 
A driving simulator study was conducted to record 
take-over performance as well as driver state and 
behavior in level 3 conditional automated driving. 
The experiment was conducted in a motion-based 
driving simulator. Driver fatigue was assessed by 
different measures and correlated with the driver’s 
performance in take-over situations to explore 
potential effects of fatigue on controllability during 
conditional automation.  
 
Measure of fatigue  
Driver fatigue was assessed both by the driver and 
the investigator (expert rating) by means of the 
Karolinska Sleepiness Scale (KSS) [14] which 
showed a high validity [15].The KSS is „a 9 point 
verbally anchored scale“ [14] measuring fatigue from 
1 „alert“ to 9 „extremely sleepy – fighting sleep“. For 
this study the scale was extended by introducing 10 
“beginning sleep” for considering drivers in the 
experiment that actually fell asleep. As the KSS was 
developed for self-reported fatigue, the latter was not 
included in the scale, but can be assessed by the 
investigator with a very high degree of certainty.  
 
While driving in automated mode on a highway, 
participants rated the fatigue level on the KSS every 
6 minutes, wheras the investigator performed an 
assessment every 3 minutes during the drive by 
observing participants’ behaviour.  
Moreover, to assess driver’s fatigue level, the eye 
aperture was measured by means of two different 
measurement systems. First, via copper coils fixed at 
the upper and lower eye-lid of a driver, which 
measure the distance between the eyelids via 
induction. Second, by a camera based eye tracking 
system (Smart Eye Pro 6.1.13), which calculate for 
example the percentage of eye-closure by means of 
image processing. Both measurement methods utilize 
the eyelid aperture angle as an indication for fatigue 
by deriving the proportion of time with eyes closed 
(PERCLOS), which has been demonstrated as a  
valid approach in various studies [16]. PERCLOS 
was calculated for continuously shifted time 
increments of 3 minutes. Additionally the eyelid 
closure index was calculated, based on an algorithm 
also classifying the driver’s fatigue [17]. The fatigue 
rating is extracted considering the last 15 blinks. Both 

PERCLOS and eyelid closure index are calculated 
based on the data of the two measurement methods.  
 
Procedure and experimental setup 
To evoke fatigue, the experiment started at 6  a.m. 
and drivers were instructed not go to bed before 12 
p.m. the night before the experiment. Moreover, 
drivers should refrain from consuming coffee on the 
experimental day. 
First, each participant familiarized themselves with 
the system in a short acclimatization drive. During 
that drive the investigator explained the functionalilty 
of the system and the participants experienced two 
TORs. The first take-over was not meant to trigger 
any reaction, but demonstrated the appearance of the 
TOR. The second TOR triggered a take-over of the 
participant to become familiar with the system in a 
take-over situation. Both TORs occured without 
representation of a specific system limit and served 
for illustration purposes only.  
The basic idea of the experiment was to use highly 
automated driving without any additional task to 
make the driver tired and get her/him to sleep. Thus, 
the participants drove a long, monotone, highly 
automated drive with a speed of 120 km/h (approx. 
75 mph) on the motorway during night simulation. 
As the development of fatigue is inter- and intra-
individually highly variable, a state dependent 
experimental plan was used.Triggering of the take-
over situations was dependent on the fatigue 
development of each driver. The duration of the 
different fatigue levels was variable, depending on 
the driver. 
Once the investigator assessed via expert rating that a 
driver reached the next fatigue level (KSS-value of 
the respective fatigue value) during the highly 
automated drive, a take-over scenario was triggered. 
Accordingly, the driver reached a take-over scenario 
approximately 1 minute after each fatigue 
assessment. 
After the take-over scenario the driver could activate 
the highly automated system again and proceeded in 
the highly automated driving mode until he/she 
reached the next higher fatigue level based on the 
expert rating which again triggered a take-over. Thus, 
the factor fatigue was implemented as a within 
subject variable and the driver experienced the take-
over situation in up to four different fatigue levels: 
- “Baseline”: The first take-over was triggered shortly 
after the participants began driving in the highly 
automated mode. At this stage, the drivers are alert 
(KSS<=5) and experience initial contact with a take-
over situation. 
- “Slight fatigue”: The second take-over was 
triggered the first time the expert rated the subject’s 
fatigue with a KSS value of 6 or 7. 
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- “Fatigue”: The third take-over was triggered the 
first time the expert rated the subject’s fatigue with a 
KSS value of 8 or 9.  
- “Beginning Sleep”: The first time the expert rated 
fatigue incurred a KSS rating of 10, the final take-
over was triggered.  
The experiment was finished as soon as the driver 
had reached the highest drowsiness level and the last 
take-over had taken place or when the defined 
maximum time for the drive (2.5h) was reached. 
 
The experimental setup consisted of two versions of 
the drive which differed in the complexity of the 
take- over scenarios. Thus, the complexity of the 
take-over scenarios was a between subject 
variable.Paricipants in the simple situation had to 
drive through road works after the TOR had been 
issued. Thereby, drivers had to follow a narrowed 
and slighly curved road pathway. In the complex 
situation, drivers approached moving roadworks 
within their lane and had to change lanes as a 
response to the TOR in order to pass the roadworks. 
Moreover, an approaching car in the target lane had 
to be noted and considered for the lane change. 
 
The take-over quality was assessed by the 
investigator on a 9-point scale. The assessment was 
based on an overall impression of the driving 
situation under consideration of both, system 
behaviour and driver behaviour. Criteria for 
allocating a rating between 1 and 3 (“poor”) were: the 
occurrence of a collision, incurrence of self-
endangering conditions, threatening others or leaving 
the lane. A rating of 4, 5 or 6 (“intermediate”) was 
assigned when the driver became very slow or took 
over very insecurely. An appropriate take-over was 
assessed with 7, 8 or 9 (“good”).  
Furthermore, the take-over performance was assessed 
based on timing and quality metrics. A hands-on 
detection measured the time between the TOR and 
the point in time when the hands grasped the steering 
wheel. A second timing metric was the take-over 
time, measured from the TOR to the moment when 
the driver started a maneuver as a reaction to the 
TOR. According to Gold et al. [18], exeeding a 
steering wheel angle of 2 degrees or a brake-pedal 
actuation of more than 10 percent was considered the 
start of the maneuver. The quality of the take-over 
was assessed by the maximum longitudinal and 
lateral acceleration that occurred within each take-
over scenario.  
 
System behaviour  
For the study, a highly automated system was used 
which takes over lateral and longitudinal control. 
This highly automated system allows the driver to 

remove the feet from the pedals and allows hands-
free driving. The driver could activate the system by 
pressing a button at the steering wheel. 
The system behavior for take-over situations was 
developed as follows:  
- 176 meters before the system limit was reached,  a 
TOR was presented.  
- The TOR consisted of an acoustic (urgent beeping) 
and a visual warning (red hands encompassing a red 
steering wheel) displayed on the instrument cluster.  
- Simultaneously with the TOR, the system initiated a 
deceleration at a rate of 3.7 m/s², which can still be 
considered comfortable [19]. The timing of the TOR 
was parametrerized in a way that the vehicle came to 
a stop at the position of the defined system limit, in 
case of the absence of a driver input.  
Within the take-over situation, participants had 
several possibilities to deactivate the system. They 
could either press a button, apply a steering input, 
speed up or brake more strongly than the system.  
 
RESULTS 
 
N=22 participants, 10 female and 12 male, between 
26 and 65 years (mean=37.95, standard 
deviation=12.81) took part in the study and were 
considered in the results. However, eye lid closure 
measures of N=2 participants could not be fully 
assessed due to interference by subjects. 
All participants were recruited from a test person 
panel and had attendend an extensive simulator 
training program (minimum 2.5 hours) to reduce 
potential driving simulator effects.  
On average, drivers had slept 4.3h the night before 
and rated their sleepiness on a scale from 1-9 with a 
mean of 5.27 when they arrived. Only six out of 
twenty-two participants had ever used assistance 
systems such as Adaptive Cruise Control. 
Nevertheless, 19 out of 22 participants had 
participated in experiments with highly automated 
driving before. Since the triggering of the TOR 
depended on the subjects’ state of fatigue, the number 
of TORs varies among conditions (Table 1). If 
drivers did not reach higher levels of fatigue during 
the drive, the last TOR was performed at the same 
level of fatigue as before (repeated measurement).  
 

Table 1. 
Amount of take-over scenarios among conditions 

 Simple  Complex  Total 
Baseline 11 10 21 

Slight fatigue 13 12 25 
Fatigue 19 12 31 
Beginning sleep 2 4 6 
Total 45 38 83 
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Figure 2. Hands-on times and levels of sleepiness. 

Figure 1. Take-over times and level of sleepiness. 

Figure 3. Longitudinal acceleration and sleepiness 
levels. 

Regarding the assesment of driver fatique, both 
subjective and objective measures were taken into 
account. Subjective measures resulted in a strong 
correlation between driver’s and expert’s last KSS 
rating before each TOR (r(79)=.792, p<.001). 
PERCLOS and lid closure index were calculated 
based on data from objective measures such as 
copper coils and eye tracking. Further analyses 
resulted in a satisfactory correlation between both 
PERCLOS measures (r(2372)=.591, p<.001).  
Regarding lid closure index, both objective measures 
indicated a strong correlation (r(2310)=.721, p<.001). 
Furthermore, highly significant correlations between 
the expert’s KSS rating and the aggregated measures 
of PERCLOS (r(2356)=.465, p<.001) and lid closure 
index (r(2127)=.604, p<.001) were revealed.  
Therefore, the expert’s sleepiness rating was 
considered “Ground Truth” for any further analyses. 
 
Performance Meuasures 
Various analyses yielded differences regarding take-
over performance among hands-on and take-over 
time as well as maximum longitudinal and lateral 
acceleration between sleepiness levels and 
conditions. 
In simple take-over situations hands-on times vary 
little between 1.08 and 1.82 seconds while in 
complex take-over szenarios reaction times increase 
in proportion to sleepiness levels (See Figure 1).  

Still, only hands-on times in level “fatigue” yielded a 
significant difference between simple and complex 
take-over situations (t(12.66)=-2.38, p=.034). 
 
In simple as well as complex take-over scenarios, 
take-over times appear to decrease from the 
“baseline” to “slight fatigue” to “fatigue” and only 
increase at “beginning sleep” (See Figure 2).  
An analysis of variance regarding take-over times in 
complex scenarios revealed significant differences in 
take-over times between sleepiness levels 

(F(3.33)=3.037, p=.034). Post-hoc comparisons using 
a Tukey HSD test did not result in significant 
differences between single levels of sleepiness but 
indicate potential learning effects in the complex 
condition, expressed in a reduction of take-over times 
between “baseline” (M=2.97, SD=1.51) and “fatigue” 
(M=1.75, SD=0.85) (p=.072). 

As depicted in Figure 3, mean longitudinal 
accelerations vary only slightly over different levels 
of sleepiness or complexity of take-over scenarios.  
No significant differences were revealed throughout 
the analysis. 

Regarding lateral acceleration, no significant 
differences between the sleepiness levels of simple or 
complex take-over situations were revealed (See 
Figure 4).  
Nevertheless, several t-tests yielded highly 
significant differences between simple and complex 
take-over scenarios according to sleepiness level 
(“baseline”: t(9)=-4.923, p=.001; “slight fatigue”: 
t(11)=-4.139,  =.002; “fatigue”: t(11)=-4.458, p=.001; 
“beginning sleep”: t(4)=-3.835, p=.019), illustrating 
an influence of the scenario on the take-over quality. 
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Figure 4. Lateral acceleration and sleepiness levels. 

All in all, differences in performance measures for 

subjects between the first, second, third and fourth 
TOR in the form of learning effects (decreasing 
hands-on times) were expected. An analysis of 
variance resulted in significant differences regarding 
hands-on measures in complex take-over scenarios 
(F(3, 33) = 3.711, p=.021). However, post-hoc 
comparisons using the Games-Howell test did not 
result in significant differences, but indicate that 
“baseline” (M=1.69, SD=1.24), “slight fatigue” 
(M=1.56, SD=0.91) and “fatigue” (M=1.45, SD=0.79) 
levels differ from the “beginning sleep” (M=3.31, 
SD=2.10) level in terms of increasing hands-on times. 
 
On top of the performance measures reported above,  
the quality of the take-over situation was assessed 
based on an expert rating.  
These ratings were classified into three groups, 
“poor”, “intermediate” and “good” take-over quality.  
An analysis of variance showed significant 
differences between the groups of ratings regarding 
longitudinal  (F(2,44) = 4.281, p= .020) and lateral 
acceleration (F(2,44) = 10.476, p< .001) in simple 
take-over scenarios. Post-hoc analyses using the 
Bonferroni post-hoc criterion for significance 
indicated that the average longitudinal acceleration 
was significantly stronger in “poor” take-over 
situations (M = -8.07, SD = 0.46) than in “good” 
take-over situations (M = -4.36, SD = 1.78). 
In complex take-over sceanrios, an analysis yielded 
significant differences between the expert’s rating 
regarding lateral acceleration (F(2,37) = 12.701, p< 
.001). Post-hoc comparisons using Bonferroni test 
indicate that “good” take-over situations (M=1.49, 
SD=0.82) significantly differ from “intermediate” 
(M=3.09, SD=1.40) and “poor” (M=3.40, SD=1.25) 
take-over situations. 
 
CONCLUSION 
 
All measures of fatigue, the KSS rating of experts 
and drivers, the eyelid closure index and the 
PERCLOS index correlated with one another and 

thus demonstrated validity of the measures. These 
methods are therefore suitable to assess driver 
fatigue, either for human factors experiments, or as 
an input for parameterization of driver assistance 
systems and automated driving functions.  
In accordance to literature [20], the results 
demonstrate learning effects, leading to increased 
take-over performance with additional iterations. 
These effects seem to overlap with a potential 
deterioration of take-over performance due to fatigue. 
Thereby, the setup was not able to detect and 
statistically prove a significant influence of fatigue. 
Especially high fatigue levels were expected to 
prolong the take-over reaction. Although extremely 
high recorded values for handx on time noticeably 
occur in case of very high KSS values (e.g., 
maximum hands-on time of 6.67 occurred in level 
10), the very low number of participants that reached 
level 4 (See Table 1) and the interference with 
sequence effects hinder statistical verfication. Either 
extensive training of the take-over situation to reduce 
sequence effects or the consideration of only one 
take-over situation per participant could help to 
identify potential fatigue-related issues when looking 
at take-over performance.  
Moreover, the results signalize that the expert’s 
rating on take-over quality match performance 
measures such as longitudinal and lateral acceleration 
in particularly “poor” and “good” take-over 
situations. This leads to the conclusion that experts 
can distinguish especially “poor” and “good” take-
over situations correctly, while it is not yet possible 
to accurately assess “intermediate” take-overs. 
Further development of an expert rating method 
could result in more sensitive ratings. 
Finally, the results emphasize that the complexity of 
take-over situations has a significant influence on the 
take-over performance, as the two situations 
employed show differing results in regard to 
measured maximum accelerations. 
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ABSTRACT 
 
Driver assistance mechatronic systems are standard features of the modern car. This is particularly true of systems that use 
braking systems (ABS, ESC, etc.). Mechatronic systems directly related to steering mechanisms are very limited, as yet. 
They apply mainly to support the driver’s effort (servo-type systems), and to stabilize the vehicle’s trajectory (active steering 
systems, 4WS systems), in which powering and gearing are speed dependent. Full automation of driving includes, as of now, 
only the parking maneuver (Parc Assist System), which is implemented at a very low speed - at quasi-static conditions. Full 
automation of road maneuvers at high speeds (when the car should be treated as a dynamical system) remains difficult and is 
still open. Automatic control of lane change is a key to automate more complex maneuvers (eg. avoiding, overtaking etc.). 
The subject of automation of lane change was undertaken by the authors in the research project on the control of the vehicle 
with suddenly appearing obstacle. The authors’ model of a conceptual control system was presented at the Conference 
ESV'2015. The aim of extensive simulation studies was: testing  of the controller operations,  and evaluation of its sensitivity 
to changes of the vehicle and road parameters. This paper presents unpublished results of these studies. 
The lane change controller has a mixed structure. In the open-loop structure it works as a set-point signal generator which 
generates three variables (signals) determining the lane change maneuver: a set-point input signal of steering system angle, 
and two set-point output signals describing vehicle’s motion. In the closed-loop structure it works as a steering signal 
corrector which corrects on-line (by two Kalman regulators) the steering system angle signal. The set-point signals, as well as  
regulators’ algorithms are based on a simple reference model (simplified "bicycle model"). In simulation, the virtual object of 
control – the model of medium-duty truck is very detailed (MBS-type, 3D, nonlinear). This model had been verified 
experimentally. 
Due to the complexity of the vehicle motion model, a sensitivity analysis must be based on comparing results obtained from 
the simulation with nominal and changed models. In order to objectify the analysis, special integral indexes have been 
introduced. They use the signals from nominal and changed models. The results of simulation show  that the proposed 
concept of the automatic control is good. 
The sensitivity study focuses on the variation of parameters that appear to be crucial for the correct operation of the control 
system. Bearing in mind the experience of drivers and researchers, difficult situations (slippery road, vehicle unloaded, high 
speed), as well as measurement errors are taken into account in the simulation investigations. 
The presented method of automatic control can be an attractive proposition for designers and researchers of active steering 
systems which enhance active safety of vehicles. The subject of the work is directly related to the subject of the session 
Enhancing Safety with Connected and Automated Vehicles. 
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INTRODUCTION 
 
Driver assistance mechatronic systems are standard 
features of modern cars. This is particularly true of 
systems that use braking systems (ABS, ESC, etc.). 
Mechatronic systems directly related to steering 
mechanisms are very limited, as yet. They apply 
mainly to support the driver’s effort (servo-type 
systems), and to stabilize the vehicle’s trajectory 
(active steering systems, 4WS systems), in which 
powering and gearing are speed dependent. Full 
automation of driving includes, as of now, only the 
parking manoeuvre (Parc Assist System), which is 
implemented at a very low speed - at quasi-static 
conditions. Full automation of road manoeuvres at 
high speeds (when the car should be treated as a 
dynamical system) remains difficult and is still open. 
Automatic control of lane change is a key for 
automation more complex manoeuvres, eg. avoiding, 
overtaking etc.  
The subject of lane change automation has been 
presented in many papers (Bevan et al. 2010, Gao et 
al. 2010, Moshchuk et al. 2013, Park et al. 2009, 
Shiller and Sundar 1996). These publications refer to a 
concept of automatic control including automatic 
determination of a desired path of travel, and then 
automatic realization of an assigned trajectory as a 
problem of tracing and control (regulation). 
Within the authors’ research project, extensive analytic 
and simulation studies have been undertaken on 
application of an active EPS-type steering system in 
automatic driving of a car (a lorry of medium load 
capacity equipped with typical elements of the ESC 
system and obstacle detectors, as well as road 
monitoring systems) in traffic situations threatening an 
accident because of a suddenly appearing obstacle. 
The authorial conception of automatic control of the 
lane change process has been based on the optimal 
control theory and a very simple reference model 
(single-mass, 2D, linear) describing the most 
important dynamic properties of the vehicle. The 
controller’s model has been tested virtually by 
simulation investigations with using very detail 
mathematical model (multi-body, 3D, non-linear) of 
the vehicle. Simulation investigations enabled testing 
of control system algorithms for many sets of 
parameters describing vehicle and road properties. The 
concept of automatic control system, and many results 
of simulation tests concerning various vehicle features, 
and road conditions have been shown in several 
authors’ papers (Gidlewski and Żardecki 2015 a, b, 
Gidlewski and Żardecki 2016 a, b, Gidlewski et al. 
2016).  
This paper presents unpublished results of the 
simulation investigations. They are focused on the 
sensitivity of the controller due to steering system 
inertia parameters neglected in the synthesis of 
controller’s algorithms.  

 
 

CONTROLLING OF LANE CHANGE PROCESS  
 
The lane change process refers to two variables – the 
lateral displacement of the centre of mass and the 
angular position of the car body in relation to the 
trajectory of the centre of mass. According to drivers’ 
experiences as well as to the control theory the 
steering input signal should have the “bang-bang” 
form and the control process can be divided into two 
phases (Fig.1):  

Phase 1 – transposition (trajectory shift) 
Phase 2 – stabilization (angular stabilization). 

 

 

Figure 1. The concept of time decomposition of lane 
change control and bang-bang type steering 

 
Accordingly, this two-phase control process can be 
realized in one switchable control system (Fig. 2). 

 

Figure 2. Block diagram of the automatic control 
system 

 
The lane change controller has a complex structure. Its 
reference signal generator provides three signals δHR(t) 
(bang-bang type course of steering system angle), 
YR(t), ψR(t) (courses of linear and angular vehicle 
position computed for δHR(t) signal) describing the 
lane change maneuver desired process according to a 
simple reference model of vehicle motion. The signals 
YR(t), ψR(t) are set-point signals for two regulators 
which correct in sequence the real steering angle signal 
δH(t) to minimize errors between measured and desired 
courses of variables. The generated signals, and 
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regulators’ algorithms are based on a simple reference 
model (simplified "bicycle model").  
Note, that the “bicycle model” has been used in many 
papers referring to a car lateral dynamics and car 
steering. This model defined in local coordinates (x, y) 
requires only several variables and parameters (fig. 3): 

t  – time (t = 0 denotes the moment of starting 
control), 

δ(t)  – the course of steer angle of front wheels, 
ψ(t)  – the course of yaw angle, meaning yaw of 

the vehicle from the roadway axis, 
Ω(t)  – the course of yaw (angular) velocity of the 

vehicle ( )()( tt ψ&=Ω ), 

U(t)  – the course of linear lateral velocity of the 
vehicle in a local coordinate system, 

V  – linear longitudinal velocity of the vehicle 
(constant) in a local coordinate system, 

X(t), Y(t)  – the courses of position of vehicle’s centre 
of mass in a global coordinate system, 

m  – mass of the vehicle, 
J  – moment of inertia of the vehicle in relation 

to the vertical axis in the point of the centre 
of mass, 

a, b  – distances from the front and rear wheel axis 
of the vehicle, respectively, to the project 
of the point of centre of mass, 

kA, kB  – cornering stiffness for the centre of the 
front and rear wheel axis, respectively. 

 

 

Figure 3. The concept of the bicycle model of car 
 

Well known equations of motion of the “bicycle 
model” defined in local coordinates (x, y) are linear, 
but calculation of vehicle trajectory in global 
coordinates (X, Y) requires additional non-linear 
trigonometric formulas. For small angles these 
formulas can be linearized and then the model of car 
lateral dynamics describing vehicle’s trajectory in 
global coordinates can be presented with using 
standard Laplace transfer functions. In such equivalent 
transmittance form of the model its “black box” 
signals are: δ(t) – input signal, Y(t) and ψ(t) – output 
signals. Neglecting steering system dynamics (inertia, 
damping, resilience) and non-linearities   

δ(t) = p δH(t),      δR(t) = p δHR(t), 

where p – gain coefficient of the steering system. 

Description of the mathematical model by two transfer 
functions GYδ(s), Gψδ(s) enables detail theoretical 
analysis of vehicle motion for different courses δ(t) 
and then synthesis of reference signals δR(t) (bang-
bang signal as combinations of Heaviside functions), 
YR(t) and ψR(t). After reductions the transfer functions 
GYδ(s), Gψδ(s) receive simple forms:  
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Such transfer functions are sufficient for analytical 
synthesis of regulators’ algorithms with using optimal 
control systems rules and Kalman’s theorems. Final 
forms of these algorithms are like standard PD 
regulators, with parameters directly relative to GΩδ0 

(that is dependent of  the “bicycle model” data). 
Details of this mathematical description, as well as 
theoretical validation of the principles of the control 
system conception have been presented with details in 
authors’ papers (Gidlewski and Żardecki 2015 a).  
Of course, the theoretical synthesis of the controller 
algorithms which exploit only simple mathematical 
models is not sufficient for validation. The theoretical 
analysis be supported by extensive simulation 
investigations with using detail model of the steered 
object.  
 
SIMULATION STUDIES 

 
As a virtual object of control an “accurate” model of 
motion of the medium-duty truck STAR 1142 (fig. 4) 
driven on a straight even road has been used.  This 
mathematical model, and its simulation code were 
experimentally verified with using results of many 
road and stand open loop tests.  
 

 

Figure 4. The concept of the physical vehicle’s model 
 
The model has 26 degrees of freedom, and requires 
about 200 parameters. Wheel-road interactions are 
given by nonlinear Dugoff-Francher-Segel formulas 
which ensure description of the vehicle motion on 
many different surfaces, also very wet or icy 
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(important for wheels’ slip). Nonlinear equations of 
motion were derived with using Boltzmann-Hamel 
method of modelling non-holonomic systems. They 
have been supplemented by algebraic constrains 
equations. 
Correctness of the assumed concept of control and 
correctness of regulators operation has been tested in 
simulation studies consisting in avoidance of 
a suddenly appearing obstacle (single lane change) on 
the possibly shortest way (fig. 5). 

  

Figure 5. Block diagram visualizing simulation tests 
of the control system 
 
The tests carried out to assess controller’s sensitivity 
to various possible model inaccuracies are performed 
in accordance with the schematic diagram shown in 
fig. 6. In such tests, two simulations are made for each 
case: the one based on the nominal (initial) model and 
the another based on the model modified by detuning 
its parameters, changing non-linear characteristics or 
adding some disturbances. Based on those simulation 
results, numerical indexes WX  (eg. WY , Wψ ) as 
relative sensitivity measures give us additional 
information  about of  controller’s sensitivity . 

 

 

Figure 6. Block diagram of sensitivity analysis based 
on  simulation tests and numerical indexes Wx 
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Due to the complexity of the truck motion model, a 
sensitivity analysis should answer the question: How  
important are inertia properties of the steering system 

servomechanism. First studies of this problem have 
been reported in (Gidlewski at al. 2017) with using the 
first order description of inertia effects by an 
additional standard transfer function block (with single 
time constant T), which modifies the steering signal 
δH(t) to the more smooth form δH*(t). In that 
investigation the nominal model worked with T = 0, 
while the changed model worked with T > 0. For given 
T, the sensitivity indexes, especially WδH*, WY, Wψ, 
expressed rather small significance of this time 
constant. Therefore sensitivity analysis was enlarged 
and a second order transfer function has been used for 
increase inertia effects. This will be reported below.  
 
EXAMPLES OF SIMULATION BASED 
SENSITIVITY STUDIES  

Here, we analyse effects of time constant T of a 1st as 
well as 2nd order transfer function block. For such 
virtual block the signals δH(t) and δH*(t) are input and 
output signals respectively. In this case the modified 
steering signal δH*(t) is smooth indeed (fig. 7), 
especially when inertia effects are modelled with 2nd 
order transmittance block. 
 

 

Figure 7. Effect of the time constant T in the output 
signal when the input signal is steep – type. 
(a: T = 0, b: T > 0 in 1st order block, c: T > 0 in 2nd 
order block) 

Simulation based sensitivity investigations of the lane 
change control process have been realized for different 
values o the time constant T (in 1st and 2nd order 
transmittance block) as well as repeated for different 
vehicle and road operating parameters. In this studies 
the steering system model working without time 
constant has been treated as the nominal model (1). 
Variations of model parameters concerned of: 
vehicle’s velocity V, wheel-road friction coefficient μ 
and degree of vehicle loading (note, that the loading 
variation causes the changes of many parameters, eg. 
m, J, kA, kB, a, b – in the “bicycle model”). The 
simulations have been done also for “difficult” 
conditions of the car motion (eg. unloaded vehicle 
driven on a slippery road with a high speed). The 
research contained a lot of sets of data.   
In this paper, example results are presented (fig. 8-10, 
tab. 1). Here, T ⊂ {0, 0.1}, V ⊂ {60, 70, 80}km/h, μ ⊂ 
{0.2, 0.3, 0.4}. In these studies the truck was full 
loaded. For better understanding an importance of the 
regulators, the simulations have been repeated for the 
system working with and without regulators. 
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Without regulators With regulators 

  

Figure 8. Steering system inertia effects in control process (here V = 60 km/h, μ  = 0.2, full loaded vehicle) 
Point blue line- for reference signals, red solid line – when T = 0 s, dash black lines - when T = 0.1 s in 1st 
order block, green solid line when T = 0.1 s in 2nd  order block. 
 

Without regulators With regulators 

  

Figure 9. Steering system inertia effects in control process (here V = 70 km/h, μ  = 0.3, full loaded vehicle) 
Point blue line- for reference signals, red solid line – when T = 0 s, dash black lines - when T = 0.1 s in 1st 
order block, green solid line when T = 0.1 s in 2nd  order block. 
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Without regulators With regulators 

  

Figure 10. Steering system inertia effects in control process (here V = 80 km/h, μ  = 0.4, full loaded vehicle) 
Point blue line- for reference signals, red solid line – when T = 0 s, dash black lines - when T = 0.1 s in 1st 
order block, green solid line when T = 0.1 s in 2nd  order block. 
 
 
Table 1. Sensitivity indexes when the controller is equipped with the regulators. 
 μ = 0.2 μ = 0.3 μ = 0.4 

1st order 
block 

2nd order 
block 

1st order 
block  

2nd order 
block  

1st order 
block  

2nd order 
block  

V = 16.67 m/s 
(60 km/h) 

WδH* 
WY 
Wψ 

13.8% 
0.3% 
2.3% 

53.4% 
1.1% 

10.0% 

14.6% 
0.2% 
2.6% 

54.1% 
1.1% 

11.3% 

18.2% 
0.3% 
3.0% 

60.0% 
1.2% 
12.3% 

V = 19.44 m/s 
(70 km/h) 

WδH* 
WY 
Wψ 

14.2% 
0.3% 
2.5% 

50.9% 
1.0% 
9.6% 

16.8% 
0.2% 
3.1% 

53.7% 
1.0% 

11.3% 

18.4% 
0.3% 
2.9% 

59.5% 
1.3% 
11.9% 

V = 22.22 m/s 
(80 km/h) 

WδH* 
WY 
Wψ 

15.3% 
0.2% 
2.6% 

54.8% 
1.0% 

10.2% 

16.8% 
0.2% 
3.0% 

56.2% 
1.0% 

11.9% 

18.4% 
0.3% 
2.8% 

58.5% 
1.3% 
11.4% 
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The results of simulations and corresponding indexes’ 
values demonstrate that the influence of the time 
constant is not especially significant for lane change 
control process, even the steering signal is smooth. 
Sensitivity of the system is bigger for 2nd order than 
for 1st order transfer function block. Sensitivity of 
angular position of the car is greater than sensitivity of 
linear transposition. Of course, the system’s sensitivity 
increases a little for more difficult conditions of 
motion (big V, small μ). Note that when the controller 
has not any regulators the course of  the linear 
transposition signal increase systematically (no steady 
state)! This confirm  regulators’ signification. 
Rather small sensitivity of the lane change control 
process on parameters’ variations is probably the result 
of feedbacks between the object and its controller, 
when  the control system works with regulators.  
 
CONCLUSIONS AND CLOSING REMARKS 
 
We could notice that the lane change automatic 
controller (equipped with the regulators) characterizes 
rather small sensitivity of on variations of object’s and 
its reference model’s parameters, also on neglecting 
inertia effect properties in the reference model. 
The results of the simulations have shown that in all 
tests the lane change manoeuvre was realized 
correctly, even the steering system worked with 
second order inertia block having small time constant 
and conditions of vehicle motion were changed in a 
broad range. 
The proposed method of automatic control of the lane 
change manoeuvre may be attractive for designers and 
researchers of mechatronic active steering systems that 
enhance active safety of cars (also lorries and trucks). 
 
REFERENCES 
 
[1] Bevan G. P., Gollee H., O.’Reilly J: 
Trajectory generation for road vehicle obstacle 
avoidance using convex optimization. Proc. of the 
Institute of Mechanical Engineers Part D – Journal of 
Automobile Engineering, Vol. 224 (4), 2010. 
[2] Gao Y., Lin T., Borrelli F., Tseng E., Hrovat 
D.: Predictive control of autonomous ground vehicles 
with obstacle avoidance on slippery roads. Dynamic 
Systems and Control Conference, 2010. 
[3] Gidlewski M., Żardecki D.: Automatic control 
of steering system during lane change, Proc. of 
ESV’2015 Conf. in Gothenburg, Sweden, available on 
the Internet. 
[4] Gidlewski M., Żardecki D.: Influence of 
nonlinearity simplifications in a reference model of a 
motor vehicle on the automatic control of the vehicle 
steering system during a lane-change manoeuvre. 
Proc. of DSTA’2015 Conf. in Łodź, Poland, available 
on the internet. 
[5] Gidlewski M., Żardecki D.: Simulation Based 
Sensitivity Studies of a Vehicle Motion Model. Proc. of 

20th Int. Scientific Conf. Transport Means 2016, 
Juodkrante, Lithuania.  
[6] Gidlewski M., Żardecki D.: Investigation of 
vehicle motion control process due to the linearization 
of the lateral dynamics reference model used in the 
controller. Mechanics Research Communications, 
2016, available on the Internet, to be published by 
Elsevier in MRC in 2017. 
[7] Gidlewski M., Jemioł L., Żardecki D.: 
Simulation investigation of the dynamics of the process 
of sudden obstacle avoiding by a motor vehicle, The 
Archives of Automotive Engineering, Vol. 73, No.3, 
2016. 
[8] Gidlewski M., Jemioł L., Żardecki D.: 
Sensitivity investigations of lane change automated 
process, Proc. of 23rd Int. Conf. Engineering 
Mechanics 2017, Svratka, Czech Rep., to be 
published. 
[9] Moshchuk N., Shih-Ken Chen, Zagorski C., 
Chatterjee A.: Path planning for collision avoidance 
maneuver. Proc. of the ASME 2013 Int. Mechanical 
Engineering Congress and Exposition IMECE’2013 
San Diego, California, USA. 
[10] J.M.Park, D.W.Kim, Y.S.Yoon, H.J.Kim, 
K.S.Yi: Obstacle avoidance of autonomous vehicles 
based on model predictive control. Proc. of the 
Institute of Mechanical Engineers Part D – Journal of 
Automobile Engineering, Vol. 223, 2009. 
[11] Shiller Z., Sundar S.: Optimal Emergency 
Maneuvers Of Automated Vehicles Research Reports 
California Partners for Advanced Transit and 
Highways (PATH) - UC Berkeley, 1996. 



Mousel 1 

HANDS OFF DETECTION REQUIREMENTS FOR UN R79 REGULATED LANE KEEPING ASSIST 
SYSTEMS 
 
Thierry Mousel 
Alexander Treis 
IEE S.A.  
Luxembourg  
 
Paper Number 17-0202 
 
ABSTRACT 
 
Lane Keeping Assist Systems (LKAS) are a key component of (semi-) automated driving functions, allowing 
for more comfortable driving on highways or in traffic jams. Today, all of those systems are designed to be 
driven “hands on”. However, one can observe a certain misuse of these types of systems, particularly if they 
allow for extended “hands off” driving without warning the driver. The United Nations is amending UN 
regulation 79 on “Steering equipment” to add some technical requirements to LKAS in order to address driver 
misuse related safety concerns. Entering into force on April 1st 2018 for type approval of new vehicle types, 
and applicable to all new production vehicles from April 1st 2021 on, R79 will require LKAS-equipped 
vehicles to provide a means of detecting that the driver is holding the steering control. There are, in principle, 
two technologies that vehicle manufacturers use today to determine whether the driver is holding the steering 
wheel: a capacitive sensor in the steering wheel rim for direct information about whether the hands are holding 
the steering wheel, or a torque sensor for indirect information via steering activity on the steering wheel. So 
future LKAS will have to evolve and provide an improved hands off detection performance, combined with an 
appropriate warning sequence starting, at the latest, 15 seconds after the driver removes their hands from the 
steering wheel. The new requirements are applicable to vehicle categories M and N. 
 
 
 
INTRODUCTION 
 
Today, an increasing number of vehicle models are 
available with Advanced Driver Assistance 
Systems (ADAS) that can take longitudinal control 
of the vehicle or support the driver with lateral 
control. These ADAS are paving the way to 
Automated Driving (AD), a key trend in the 
automotive industry. By combining longitudinal 
and lateral control, a vehicle would meet the AD 
Level 2 definition of SAE (Society of Automobile 
Engineers) International’s standard J3016. And 
while the driverless car (Level 5) may be the 
ultimate goal, we are not there yet: in the 
foreseeable future, the driver will remain a key 
element in the AD concept. But their role is likely 
to shift away from being a “driver” (up to Level 2) 
and move towards becoming an “operator” (under 
Level 3 & 4), and ceding control to the vehicle. 
This requires a transition of control responsibilities 
that has to be monitored precisely to avoid any 
misunderstandings. “Hands on” / “Hands off” 
detection is going to be one of the key monitoring 
elements, and additional driver monitoring needs 
can be expected for those future automated driving 
functions. In a first phase, the UN regulators have 
now decided to address system misuse that has 

been observed with Level 2 systems, and will 
require monitoring that verifies whether the driver 
is holding the steering wheel.  
 
WHY “HANDS OFF DETECTION”? 
 
Initial Need For HOD 
A frequently quoted key article of the Vienna 
Convention on Road Traffic says that "the driver 
shall at all times be able to control his vehicle". 
Vehicle manufacturers concluded during the 
development of Traffic Jam Assist or similar 
functions that drivers might potentially misuse the 
system by removing their hands from the steering 
wheel and letting the vehicle do the driving on its 
own. From the point of view of system safety, and 
from a liability perspective, this was considered a 
misuse that should be prevented. After 
consideration, BMW decided that all vehicles with 
a Traffic Jam Assist system would have to be 
supplemented with a reliable “hands off” detection 
sensor to ensure that the driver keeps their hands 
on the steering wheel while using this function. 
Existing steering torque sensors were not 
considered to be robust enough as they do not 
provide reliable hands on/off information when the 
vehicle is at a standstill or is driving on straight, 
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smooth roads, especially at low speeds. IEE 
developed a capacitive “Hands Off Detection” 
(HOD) sensor integrated into the steering wheel 
rim to overcome those concerns. This HOD sensor 
allows the vehicle to detect precisely if the driver 
has his hands on the steering wheel, and if he does 
not, to initiate an appropriate warning cascade. The 
IEE HOD sensor has been in production since the 
end of 2013. 
 

 
 
Figure 1. “Hands off” detection scenario 
 
System Misuse – “Hands Off” Driving 
LKAS (Lane Keeping Assistance System) on the 
market today are designed to be operated “hands 
on”. The vehicle manuals also include 
corresponding information for and warnings to the 
vehicle owner. However, an increasing number of 
drivers are misusing the systems and removing 
their hands from the steering wheel, particularly 
for LKAS in combination with Automatic Cruise 
Control (ACC). Some drivers may only want to 
test the limits of the systems, while others may 
have a poor understanding of the system 
limitations and believe that “hands off” operation 
is possible under certain circumstances. There are 
plenty of videos on social media platforms 
documenting this misuse. The scenarios range 
from drivers that let the vehicle do the steering 
while keeping their hands next to the steering 
wheel, to others who fully rely on the vehicle 
while having their hands on their lap or even using 
both hands for eating and drinking. In some 
extreme cases the driver has even left the driver´s 
seat, meaning he would no longer have the 
opportunity to intervene if there is a system error 
[1]! A fatal crash of a Tesla S operated in 
AutoPilot-mode happened in May 2016. Driver 
misuse of the system is believed to have played a 

significant role. NHTSA noted in its investigation 
report that “The Florida fatal crash appears to have 
involved a period of extended distraction (at least 
7 seconds)” [2]. Some media reports after the crash 
mentioned that the driver had possibly been 
watching a video [3], and therefore did not see and 
did not react to the crossing truck. Regulatory 
authorities, alerted by the multitude of documented 
cases of overreliance and system misuse, decided 
to tackle this issue. As vehicle manual information 
was apparently not effective enough to prevent 
those drivers from using their ADAS in a non-
authorized way, it was decided to address the issue 
with a technical solution, by upgrading the UN 
Regulation 79 (Steering equipment) with a “hands 
off” detection requirement for LKAS-equipped 
vehicles. Drivers intending to misuse the systems 
should be alerted and thus the misuse should be 
prevented.  
 
REGULATION FOR AUTOMATICALLY 
COMMANDED STEERING FUNCTIONS 
(ACSF) 
 
Upcoming HOD requirement for LKAS 
Today the LKAS systems are still almost 
unregulated, and that many vehicles “tolerate” the 
misuse is documented in a multitude of internet 
videos. The United Nations Informal Group on 
Automatically Commanded Steering Functions (IG 
ACSF) is currently reviewing regulation 79 on 
“steering systems” to define technical requirements 
for ADAS and AD-related steering functions. 
Among the new definitions are ACSF category B1 
and ACSF category B2. Category B1 basically 
covers LKAS that must be driven “hands on”, 
while B2 is aimed at future continuous lane 
guidance systems that can be operated “hands off”. 
The UN has recently decided to upgrade the 
technical requirements that have to be met by B1 
“hands on” lane keeping systems.  
 
In countries applying the UN R79, the new 
requirements will enter into force on April 1st 2018 
for type approval of new vehicle types, and will be 
applicable to all new production vehicles from 
April 1st 2021 on [4]. The regulation covers 
vehicles of category M (carriage of passengers) as 
well as category N (carriage of goods). The 
regulation requires vehicles fitted with an LKAS to 
be equipped with a means of detecting that the 
driver is holding the steering control. The 
regulation also describes an escalating warning 
strategy as shown in Figure 2. 
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Figure 2. Escalating warning strategy 
 
Drivers misusing the LKAS function by going 
“hands off” must be warned by an optical signal 
after 15 seconds at the latest. Then, at the latest 
after 30 seconds, parts of the optical signal must 
turn red, and an acoustic alert must be triggered. 
After 30 seconds of acoustic warning, an 
emergency signal of at least 5 seconds must sound 
as a final warning, and the LKAS must be 
deactivated. Hence, a reliable “hands on” detection 
system will be needed in order to meet the 
regulatory requirement. At the same time, it should 
avoid false positive warnings for drivers that 
effectively have their hand on the steering wheel. 
 
Hands Off Detection Test Method 
The hands off detection and the warning cascade 
are tested at two different driving speeds. ACSF 
B1 systems typically have a speed range within 
which they can operate, from the lowest speed vsmin 
to the maximum speed vsmax. In a first test, the 
vehicle shall be driven with an activated LKAS 
with a vehicle test speed between vsmin + 10 km/h 
and vsmin + 20 km/h on a track with lane markings 
at each side of the lane. The driver releases the 
steering wheel and continues to drive until the 
LKAS is deactivated automatically. The test is 
passed if the warning cascade meets the 
requirements illustrated in Figure 2. A second test 
must be carried out with a vehicle test speed 
between vsmax - 20 km/h and vsmax - 10 km/h or 130 
km/h whichever is lower. 
 
From “Hands On” To “Hands Off” 
In a next phase, the IG ACSF will define the 
technical requirements for ACSF Category B2. A 
vehicle that will be type-approved in the future and 
meets those requirements can be continuously 
operated “hands off”, provided it is done within 
the system boundaries defined by the regulation 
and the vehicle manufacturer. One of those 
regulatory boundaries is limiting the use to road 
sections with a physical or constructional 
separation of traffic moving in opposite directions 
and which has at least two lanes for the direction 
the vehicle is driving. With regards to the AD 

Levels, such systems can be a “Hands Off”-Level 
2, or Level 3, or Level 4.  
 
Vehicles offering a “hands off” operation will need 
enhanced driver monitoring capabilities. Under 
Level 3 & 4, the driver no longer has the task of 
continuously monitoring the traffic environment. 
But, in particular for Level 3, the vehicle is not 
necessarily in a position to handle all traffic 
situations. And although Level 4 vehicles have 
some additional fall back capabilities, they will 
require the driver to take back the control at the 
end of the defined use case. So the driver will have 
to remain available to respond to either a possible 
transition request initiated by the system (e.g. in 
case of a sensor failure or a too complex traffic 
situation) or at the end of the use case (e.g. when 
leaving the highway). The draft regulation text for 
ACSF B2 requires that the vehicle will have to be 
equipped with a driver availability recognition 
system. The vehicle must verify the physical 
presence of the driver in the seat and, in the 
absence of any monitored driver activity for more 
than 3 minutes, the driver must prove his 
availability by a positive action. For example, by 
briefly touching the steering wheel the driver can 
confirm via a capacitive HOD sensor that he has 
not fallen asleep. 
 
“Hands off” driving functions do not only entail 
engineering challenges, but also liability questions 
that have to be addressed. As “hands off” operation 
is neither allowed nor possible on all roads, there 
will be a need for transition procedures between 
manual and automated driving modes. This 
transition has to be monitored precisely, as a 
change in liability goes with the change of vehicle 
control. Obviously, in AD mode the driver is 
allowed to be “hands off”, but it is crucial to know 
exactly when he has finally ceded steering control 
to the vehicle, as well as when he takes back 
control of the steering or intends to override the 
automated mode. A reliable HOD can precisely 
monitor this transition of control. And should there 
be an incident with a (semi-) automated vehicle, 
the HOD signal can help to clarify the key 
question: "Who was in control of the vehicle when 
the collision happened?".  
 
IEE’s HOD SOLUTION 
 
Based on capacitive (electric field) sensing 
technology, HOD consists of a highly flexible 
multi-layer sensor mat integrated into the steering 
wheel, with a miniaturized electronic and the 
connecting cabling installed in the steering wheel’s 
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centre hub. The system measures the current 
flowing from the sensing electrode towards vehicle 
ground, which is proportional to the capacitance. If 
a driver touches the steering wheel, the 
capacitance, and with that the current, increases.  
 

 
 
Figure 3. HOD Sensor Mat 
 
By using an IEE-owned ASIC, the electronic can 
reliably classify and communicate the hands on / 
off status under all environmental conditions. More 
advanced classification is enabled by using a 
multi-zone HOD system, which determines, for 
example, between a left and/or right hand touch. 
The HOD sensor mat can be combined with 
steering wheel heaters. 
 
HOD immediately detects when the driver takes 
their hands off the steering wheel. So with regards 
to the Regulation 79 warning requirements, the 
vehicle manufacturer can initiate the warning with 
high precision and repeatability, and select any 
warning time that is within the minimum 
regulatory requirements. HOD also overcomes the 
known weaknesses of torque sensors that have 
limited performance on straight roads with few or 
no irregularities. In such situations with almost no 
active steering input by the driver, HOD prevents 
false positive warnings to “hands on” drivers.  
 
Therefore, HOD is a robust solution to monitor 
whether the driver has his hands on the steering 
wheel in any driving scenario. Its field of 
applications ranges from enabling regulatory 
compliance for basic LKAS to supporting the HMI 
concepts of advanced automated driving functions. 
 
CONCLUSION 
 
Regulatory authorities have taken a significant step 
to prevent drivers from misusing steering 
assistance systems that are designed for “hands on” 
use. Vehicles equipped with LKAS and approved 
under UN Regulation 79 will have to provide a 
means of detecting that the driver is holding the 
steering control. The regulation update will 
become effective for new vehicle types in April 
2018 and for all new vehicles in April 2021. So the 
M and N vehicle categories will no longer be 
allowed to “tolerate” continuous misuse by drivers 

that have taken their hands off the steering wheel. 
Simply providing written information to the driver 
via the vehicle manual that he has to keep his 
hands on the steering wheel is no longer sufficient. 
A technical sensing solution and a defined “hands 
off” warning strategy have to be implemented. 
 
IEE’s HOD was the first capacitive steering wheel 
sensor on the market, and there is an increasing 
need for the technology. HOD is expected to 
become a key HMI element of vehicles with LKAS 
and future automated driving functions. Main 
benefits are reliable hands on/off detection to 
support the regulatory requirements, improved 
HMI, safe transition between manual and 
automated driving modes, as well as the 
clarification of liability questions. 
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ABSTRACT 
 
Users of two- and three-wheelers account for 35% of total traffic fatalities in China, a statistic which calls for 
attention. C-NCAP has predicted that AEB for pedestrian protection will be assessed from 2018 onwards, and 
it appears likely that AEB for two-wheelers will also be assessed in the near future. The objective of this 
study was to describe car-to-two-wheeler accidents in China in detail to guide the selection of relevant 
scenarios and test parameters for two-wheeler AEB assessment. Data from the China In-Depth Accident 
Study for the years 2011 to 2016 was analyzed for this study. Statistics were available for 830 accidents 
involving one two-wheeler (referring to two-wheeled vehicle) and one M1 vehicle (passenger car, SUV, or 
minivan) and 1,017 recorded two-wheeler users, including both drivers and passengers of the two-wheelers. 

Of the 830 two-wheelers, electric powered-two-wheelers constituted 42%; motorcycles, 32%; moped, 16%; 
and normal or electric bicycles, 11%. Of the total 1,017 two-wheeler users involved, only 12% of them wore a 
helmet and nearly half (46%) were severely or fatally injured.  

The study included 830 car-to-two-wheeler accidents, of which 67% occurred during daytime. City  areas 
accounted for 67% of accidents and 80% occurred on roads with a speed limit below 60 km/h. The majority 
of accidents occurred at road junctions (62%). 

A case-by-case analysis of the relative movements of the bicycle and car before the collision showed that in 
47% of accidents the car and the two-wheeler were moving perpendicularly to each other; in 21%, 
longitudinally from opposite directions; and in 31%, longitudinally from the same direction. In the majority of 
cases, the car was going straight forward before the crash (52%), while in 28% it was turning left, and in 20% 
it was turning right. For the two-wheelers, 83% were going straight forward, while 15% were turning left, and 
only 2% were turning right. Information about vehicle speed was not available, but road speed limits can give 
an indication of vehicle speed. The data was not necessarily representative of China as national statistics are 
not available. 

The results of this study show that an electric-powered two-wheeler is the most common type of two-
wheeler, which is easy to understand that the electric power-two-wheelers are very popular in China. The 
most common accident scenario for the car-to-two-wheeler accidents is a straightforward moving vehicle 
colliding with a straight forward moving two-wheeler in perpendicular direction. This can be explained by the 
fact that most accidents happened at crossings. 

Our recommendations, therefore, based on Chinese real-world car-to-two-wheeler accidents, are that 
priority for AEB assessment should be given to a straightforward-moving car impacting a straightforward-
moving electric powered two-wheeler from a perpendicular direction with a speed of up to 60 km/h during 
daytime. Turning cars, collisions with motorcycles, and nighttime driving are the scenarios that should be 
considered next.
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INTRODUCTION 

 

In 2008, there were an estimated 313 million 
powered two-wheelers (PTWs) in operation 
worldwide, a vast majority of which (77%) were in 
Asia. The worldwide annual production of PTWs is 
about 50 million units, comparable in number to the 
65 million passenger cars [1].  

In China, increasing ownership of PTWs has been 
observed in recent years, due to rising fuel costs, 
traffic congestion, and the parking difficulties related 
to passenger cars [2]. However, PTWs represent an 
important challenge for road safety. PTW users are 
at far more risk than car occupants per kilometer 
ridden in terms of fatalities and severe injuries 
entailing long-term disability [3]. Moreover, they have 
not benefited from safety improvements at the 
same pace as car occupants over recent decades [1].  

Globally, PTWs account for nearly a quarter of all 
road traffic fatalities. The South-East Asian Region 
and Western Pacific Region stand out: as much as 
34% of all traffic fatalities are PTW users in these 
regions [3]. In China, the total number of traffic 
fatalities decreased from 107,077 to 65,225 between 
2004 and 2010. However, fatalities of PTW users 
increased from 589 to 4,029 [4] [5]. Non-powered two-
wheelers, i.e. cyclists, are also at risk. Worldwide 
about 48,000 cyclist fatalities occur each year [3]. In 
China, of the total 58,539 fatalities in road traffic 
accidents in 2013, 8% were cyclists [3]. 

The automotive industry is making significant efforts 
to develop and implement active and passive safety 
systems in cars to avoid or mitigate collisions with 
vulnerable road users. In 1997, Euro NCAP 
introduced its first pedestrian impact test for the 
head, upper leg and lower leg [6]. In recent years, 
pedestrian protection airbags and pedestrian hood 
lifters have been introduced [7] [8]. Pedestrian safety 
has, by most developers, been given priority in the 
first instance but systems also applicable to cyclists 
are following. One of the most promising active 
safety systems is Autonomous Emergency Braking 
(AEB); research indicates that AEB has considerable 
potential to save lives and mitigate severe injuries in 
frontal car‐to‐pedestrian collisions [9]. Such a system 
is able to bring the car to a safe halt before a 
pedestrian is struck or can at least reduce the speed 
of the collision [10].  

Euro NCAP included AEB for pedestrians as part of 
their test and assessment procedure in 2016. Euro 

NCAP additionally intends to include Cyclist-AEB 
systems in the safety assessment from 2018 
onwards [11]. C-NCAP 2018 has included an AEB test 
assessment for pedestrians in its draft version, and it 
is highly likely that AEB systems for 2-wheeler 
protection will also be included in assessments in the 
near future. 

To date, PTW accident characteristics have been 
reported primarily for developed countries [11] or in 
regard to passive safety in China [1] [12]. There is a 
need to study the car-to-two-wheeler accident 
characteristics of real world accidents in China in 
order to provide guidance for AEB assessment. 

The objective of this study, therefore, is to meet this 
need though providing a detailed analysis of car-to-
two-wheeler accidents in China to identify the 
relevant scenarios and test parameters for car to 
two-wheeler AEB assessment. 
 
METHOD 

 

CIDAS, short for China In-Depth Accident Study, is 
one of the most detailed accident databases 
available in China today. It started as a project 
initiated by the China Automobile Technology and 
Research Center (CATARC) in 2011, with the aim of 
collecting 500 to 600 cases per year. Currently, there 
are 6 cities involved in the project, from the north to 
the south of China: Changchun, Beijing, Weihai, 
Ningbo, Chengdu and Foshan.  The intention is to 
cover all the characteristic road types and economic 
situations represented in China. The CIDAS 
investigation team, working in shifts for 24 hours per 
day, goes to the accident scene with the traffic 
police if someone is injured, if at least one four-
wheeled vehicle is involved, and if the accident 
scene is still intact when the investigation team 
arrive. The CIDAS database has 31 data tables, 
containing over 2,800 data items in total. 

In this study, the CIDAS database was queried for 
accidents involving two-wheelers from July 2011 
until February 2016. There were 1,470 vehicle-to-
two-wheeler accidents in total, with all injury 
severities and all types of impacts involved. When 
the vehicle type was restricted to M1 vehicles 
(vehicles used for the carriage of passengers and 
comprising not more than eight seats in addition to 
the driver's seat), 1,087 cases were yielded. As the 
objective of the study was to guide the assessment 
of potential vehicle-equipped AEB systems, two-
wheelers crashed with the rear end of vehicles were 
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excluded from the database. In addition, some 
accidents were excluded due to incompleteness of 
the case photos. In total, 833 car-to-two-wheeler 
accidents were found to match the scope of the 
study. There were 3 cases where the drivers of the 
two-wheeler were under 12 years old. These 3 cases 
were not included in the study, but child passengers 
were included. So in the end, the final sample 
comprised 830 cases. In total, 1,017 two-wheeler 
users were involved in the 830 car-to-two-wheeler 
accidents. 

Accident scenario classification was carried out 
based on the relative location of the car and the 
two-wheeler, the driving motion of the car, and the 
driving motion of the two-wheeler. This information 
was gathered in a case-by-case manner based four 
types of data: the coding of a variable called UTYP 
(Unfalltyp) in the CIDAS database, accident 
description, driver interviews and CAD sketches. 
UTYP is a three digit code giving a brief explanation 
of the accident, especially for the description of the 
situation or the conflict that led to the accident [13] 

[14]. 
 
RESULTS 

 

Type of two-wheeled vehicle 
Based on different types of driving power and body 
structure of two-wheelers, four types of two-
wheelers were identified: bicycle/e-bike, electric-
Powered Two Wheeler (e-PTW), moped and 
motorcycle, as shown in Table 1, which provides 
pictures of typical body structures. 
 

Table 1. 
Summary of two-wheelers characteristics 

Category Description Picture 

Bicycle/e-
bike 

Mainly 
human 
powered  

e-PTW           Mainly 
electric 
powered  

Moped           Fuel 
powered, 
small wheel  

Motorcycle Fuel 
powered, big 
wheel  

 

Of the total 830 car-to-two-wheeler accidents, the 

most common type of two-wheelers involved was e-

PTW (42%), followed by motorcycle (32%), moped 

(16%) and bicycle or e-bike (11%). 

 

Environment Information 
Most accidents happened in the daytime (67%) 

rather than nighttime (33%). 68% occurred in city 

areas while 32% occurred outside city areas. In 

terms of weather, 72% of accidents occurred on 

clear days while in 19% it was cloudy and in 8% 

rainy. 

 

Speed limit 
As no reconstruction results are available in CIDAS, 
the speed limit of the road on which the car was 
travelling was used to estimate the travelling speed 
of the vehicle. As Figure 1 shows, around 34% of 
roads had a speed limit of under 40 km/h. The 
majority of accidents happened on roads with speed 
limits of 60 km/h or under.  No car-to-two-wheeler 
accidents happened on roads with speed limits 
higher than 90 km/h. 
 

 
Figure 1. Speed limit. 

 

Road type 
The most common types of roadway on whichcar-to-
two-wheeler accidents occur are road junctions, 
including intersections, T-junctions, and Y-junctions. 
Many accidents happened at the exit or entrance of 
a gas station, suburb, or shopping area, as shown in 
Figure 2.  
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Figure 2. Road type. 

 
Bicycle lane & traffic light control 
Nearly half of the roads on which two-wheelers 
were travelling did not have a bicycle lane.  
Further, of the total 830 car-to-two-wheeler 
accidents, 67% happened on stretches of road or 
junctions without traffic light control and only 
23% in areas with traffic light control. 
 
View obstruction 
From the view of the car driver, most two-
wheelers (84%) were visible before the crash. 
However, there were still many two-wheelers 
(12%) obscured by walls, parked vehicles, and 
bushes. Figure 3 illustrates some examples. 
 

 
a) Wall                             b)  Parked vehicle 
 

 
c) Bushes                           d)  Bushes 
Figure 3. Type of view obstructions. 

 
Relative movement of the car and the two-
wheeler 
We grouped the car and the two-wheeler 
according to their relative movements before the 
crash. The most common relative movement was 
that of the car and the two-wheeler travelling 
from directions perpendicular to each other 
(47%), followed by their travelling longitudinally in 

the same direction (31%), and then longitudinally 
in opposite directions (21%). 
 
Pre-crash driving behavior 
The pre-crash driving behaviors of the car and the 
two-wheeler were analysed and specified as 
either going straight, turning left or turning right.  
As shown in Figure 4, most car drivers were 
travelling straight forward before the crash, 
followed by turning left. Very few were turning 
right before the crash. Similarly, most of the two-
wheeler drivers were going straight forward 
before the crash, followed by making turns. 
However, compared to car drivers, more two-
wheeler drivers were turning right, as Figure 5 
shows.  

 

 
Figure 4. Pre-crash driving behavior of the car. 

 

 
Figure 5. Pre-crash driving behavior of the two-

wheeler. 

 
Accident classification in CIDAS 
Combining the relative movement information 
with the pre-crash driving behavior results in a 
specification of accident situations on different 
road types as presented in Table 2. Accidents with 
unknown or other information about the relative 
movement and pre-crash driving behavior of the 
car and the two-wheeler were excluded. The most 
common accident situation was that both the car 
and the two-wheeler were going straight ahead in 
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directions perpendicular to each other (n=221), 
followed by cases where the car was turning right 
and the two-wheeler was travelling straight from 
longitudinal same direction (n=83). Cases where 
the car was turning left and the two-wheeler was 
travelling straight from longitudinal opposite 
direction were also common (n=81) in the data 
sample. 
 

Table 2.  
Summary of accident situations (N=822) 

Perpendicular Car_ 
turn 
left 

Car_ 
go 
straight 

Car_ 
turn 
right 

Two-wheeler_ 
turn left           4 26 2 

Two-wheeler_ 
go straight  65 221 63 

Two-wheeler_ 
turn right            4 6 1 

Longitudinal 
same direction 

 

Two-wheeler_ 
turn left           4 47 1 

Two-wheeler_ 
go straight  67 48 83 

Two-wheeler_ 
turn right            0 4 2 

Longitudinal 
opposite 
direction 

 

Two-wheeler_ 
turn left           3 33 1 

Two-wheeler_ 
go straight  81 39 14 

Two-wheeler_ 
turn right            2 0 1 

 
Perpendicular Cases where the car and the 

two-wheeler were driving perpendicularly to each 
other before the crash are shown in Figure 6. In 
the figure, each collection contains three bars, the 
left bar corresponding to the two-wheeler turning 
left, the middle bar corresponding to the two-
wheeler going straight forward and the right bar 
corresponding to the two-wheeler turning right. The 
sum of all bars is 100%. The most common accident 
situation was that both the car and the two-
wheeler were going straight. An equal share (16%) 
involved the car turning to the left or right while 
the two-wheeler was going straight. There were 

also some cases with the car going straight, and 
the two-wheeler making left turns.  

 

 
Figure 6. Proportion of accidents where the car and 

the two-wheeler were perpendicular to each other 

before the crash.  

 
Longitudinal same direction For the cases 

when the car and the two-wheeler were driving 

longitudinally in the same direction, no big 

difference was identified between the car turning 

left or right when the two-wheeler was going 

straight. Similarly, when the car was going 

straight, there was no substantial difference 

between left and right turns of the two-wheeler, 

as shown in Figure 7 

 

 
Figure 7. Proportion of accidents where the car and 

the two-wheeler were travelling longitudinally in 

the same direction before the crash.  

 
Longitudinal opposite direction As shown 

in Figure 8, when the car was travelling 
longitudinally to the two-wheeler from the 
opposite direction, nearly half of cases involved 
the car turning left and the two-wheeler going 
straight, while around 40% of cases involved 
either the car and the two-wheeler going straight, 
or the car going straight and the two-wheeler 
turning left.  
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Figure 8. Proportion of accidents where the car and 

the two-wheeler were travelling from longitudinal 

opposite direction before the crash. 

 
Person Information 

Injury severity More males (69%) 
compared to females (31%) were injured. Of the 
total two-wheeler users, 46% sustained slight 
injuries, 38% were severely injured, 8% sustained 
fatal injuries and 8% were uninjured. The mean 
age of the two-wheeler user was 40 years old, 
with youngest at 10 years old, and oldest at 85 
years old. Only a few (12%) were found to be 
wearing a helmet, most (84%) were not. Helmet 
usage was unknown for the remainder (4%). 
 

Injury body regions Of the total 1 017 
two-wheeler users, 935 sustained injuries. 586 
users had multiple injuries. As illustrated in Figure 
9, 48% sustained injuries to the head and 49% to 
the lower extremities.  

 

 
Figure 9. Injury body distribution. 

 
DISCUSSION 
 
Results 
Our findings are similar in many respects to those 
of a study based on the German in-depth accident 
database GIDAS [15], which also found that most 
car-to-two-wheeler accidents happen where two 
or more roads intersect and in city areas. Results 
from GIDAS also suggest that some accidents 

happen at exits or entrances, as found in CIDAS. 
More accidents occurred at night in CIDAS 
compared to GIDAS; this might be due to different 
lifestyles in China and Germany.  

Our findings differ, however, from those of a 
study offering an in-depth analysis of bicyclist 
accidents in Changsha, China  [16], which found that 
the majority of bicycle accidents happened on 
straight roads. In contrast, we found that two-
wheeler accidents were more frequent at 
junctions, a difference which might be due to the 
geographic characteristics or different two-
wheeler types of the investigation area in 
Changsha.  

A previous study based on real-life traffic data in 
Shanghai, China, showed a similar distribution of 
the relative movement between the car and the 
two-wheeled vehicle [17]. One difference was, 
however, that more cases were found where the 
pre-crash movements of the car and the two-
wheeler were perpendicular to each other. A 
possible reason is that the cases were mostly 
drawn from one district of Shanghai, where 
crossing roads are more common. Another reason 
might be due to the low sample size of less than 
100, which would affect the distribution of results. 
Accident databases with different types of 
investigation areas and a sufficient sample size are 
necessary to give a good representation of real 
world traffic situations.  

 
Methodology 
Situational parameters important for car-based 
AEB systems for two-wheeler protection were 
studied: the relative movement between the car 
and the two-wheeler, and the pre-crash driving 
behavior of each participant. In this study, a case-
by-case analysis was carried out. Relative 
movement was identified from accident sketches 
and accident descriptions together with a 
predefined variable in CIDAS called UTYP. In 
CIDAS, accident sketches were drawn based on 
the on-scene measurements; an example is given 
in Figure 10. In this case, both the car and the 
two-wheeler were travelling from east to west 
before the car turned left into the entrance of a 
school. The front of the two-wheeler crashed with 
the left front part of the car and the driver of the 
two-wheeler was injured in the accident. Based on 
this information, the relative movement between 
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the car and the two-wheeler was identified as 
longitudinal, same direction.  

 
Figure 10. Example of accident sketches in CIDAS. 

 
Instead a variable called UTYP can be used identify 
the accident situations, see Appendix 1. For 
example, as shown in Figure 11, UTYP 341 
represents the accident situation wherein the car 
(A in the figure) and the two-wheeler (B in the 
figure) are perpendicular to each other before the 
crash.  
 

 
Figure 11. Example of UTYP 341. 

 
Comparing these two methods, we found that 
86% of cases would be grouped in the same 
category with regard to the parameter relative 
movement between the car and the two-wheeler 
before the crash. The mismatch of the remaining 
cases may be due to an incorrect coding of UTYP 
in CIDAS: after correcting some of the UTYP 
coding, the mismatch rate decreased to 8%.  

Another method found in the literature used for 
the classification of the accident scenario is the 
application of reconstruction results which include 
information about the velocities, wheel angles, 
locations of the involved vehicles and driver 
actions such as steering and braking or 
accelerating over a given timeframe: the last five 
seconds before collision  [15]. Since no such 
reconstruction results were available in CIDAS, a 
comparison of the accuracy of these different 
methods was not made in this study.  
 
Limitations 
Although CIDAS is the broadest and most detailed 
accident database in China, a clear picture of the 
car-to-two-wheeler accident situation for the 
whole of China is still difficult to obtain due to 
CIDAS’s lack of representativeness.   

 
Future work 
Injury severity from car-to-two-wheeler accidents 
needs to be further researched. In addition, two-
wheeler AEB test scenario definitions using 
clustering methods should be investigated. 
 
CONCLUSIONS 
 
A number of recommendations result from the 
findings of this study. Accident scenarios involving 
electric-powered two-wheelers should be 
considered in C-NCAP assessments since this 
vehicle is involved in a high proportion of two-
wheeler accidents. 

Based on Chinese real-world car-to-two-wheeler 
accidents, priority in AEB assessments should be 
given to a straightforward-moving car impacting a 
straightforward-moving electric powered two-
wheeler travelling in perpendicular directions in 
daytime with speeds of up to 60 km/h.  

Turning cars, collisions with motorcycles, and 
nighttime are the scenarios that should be 
considered next. 
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Appendix 1. Scenario Classification using UTYP 
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ABSTRACT 

The European New Car Assessment programme (Euro NCAP) has been evaluating frontal impact protection 
since 1997. The current moderate off-set test procedure is based on that used in UN Regulation 94 (R94) but 
with the addition of child dummies in the rear and more stringent assessment criteria for the occupants.  

Until advanced driver assistance systems become more widespread in the market, front and side impacts will 
continue to dominate the proportion of killed and seriously injured occupants on our roads. However, there is a 
clear need for a more advanced test to be adopted for the following reasons: Accident analyses have 
highlighted the need for improvements in the way vehicles are assessed in partial overlap frontal impacts, 
particularly in terms of structural engagement or ‘compatibility’. In addition, the accident related injury 
pattern has changed over the years and, in addition to the current test configuration, the Hybrid III dummy no 
longer reflects the current injury situation in crashes nowadays.  

In 2015 Euro NCAP announced that the current offset deformable barrier frontal impact test procedure and 
Hybrid III dummy would both be replaced by 2020 and a frontal impact working group was set-up to address 
this. The aim was to evaluate the existing research by FIMCAR, ADAC and other organisations into the 
‘moving barrier to vehicle’ test and to develop new testing and assessment procedures that include the Thor-M 
mid-sized male ATD. In partnership with the European Enhanced Vehicle safety Committee (EEVC), Euro 
NCAP examined the extent to which the Thor-M ATD is suitable for use in both Regulatory and consumer 
testing programmes.  

This paper details the group’s work to date in reviewing real world accident data and existing research on 
partial overlap frontal impacts. Significant factors highlighted by the accident analyses, including speed, mass 
and impact overlap, were used to guide the development of a frontal impact test procedure consisting of a 
moving barrier to car fitted with a progressively deformable honeycomb barrier face. Research into the 
definition of the Thor-M ATD, in terms of its build level, injury responses and certification procedures, is also 
included along with proposed assessment criteria. The final phase of work will be a full scale test programme 
to evaluate the testing and assessment protocols before implementation into the official assessment in 2020.  
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BACKGROUND 

The 64km/h offset deformable barrier test (ODB) has 
been used by Euro NCAP in all of its vehicle ratings 
since 1997 when the first phase of results was 
launched. The test is based on that used in Regulation 
94 but with a higher impact speed, child dummies in 
the rear, and more stringent assessment criteria for 
the front occupants. The test has remained largely 
unchanged in 20 years but vehicle structures and 
restraints systems improved significantly since the 
introduction. This has led to a substantial reduction 
of killed persons in frontal impact scenarios. 
 
Since the start, Euro NCAP has strove to be a 
catalyst for vehicle safety by empowering vehicle 
safety engineers and delivering comparative and 
objective information to the public. This means 
that the rating system has been continuously 
reviewed and updated to reflect real-world 
priorities and available safety technology. 
 
In 2015 Euro NCAP published their latest roadmap 
and, alongside many other updates, it was agreed 
that the current frontal ODB impact test procedure 
and Hybrid III dummy should both be replaced 
considering the advancements made and current 
frontal impact accident data.  
 
A frontal impact working group (FIWG) was set-
up to improve the methods that are used to assess 
the occupant protection offered by vehicles in 
moderate overlap frontal crashes. It was decided 
that the current fixed offset deformable barrier 
impact test will be replaced by a mobile barrier test 
with a progressive deforming element (MPDB) in 
the year 2020. The basic parameters for such a test 
have been previously researched in the European 
FIMCAR and VC Compat projects [1,2], by 
NHTSA [3] and recently applied and refined by 
ADAC [4] in a series of vehicle tests. In addition 
to revised testing parameters, the use of the 
advanced anthropomorphic test device THOR was 
considered to offer additional benefits in improved 
humanlike response and injury assessment 
capability. 

ACCIDENT ANALYSIS 

The work of the group began with accident 
analysis to quantify the frequency and severity of 
frontal impacts involving passenger cars according 
to overlap angle of impact and impact velocity in 
Europe. As Europe lacks a single harmonised 
database for accident studies, three separate 
databases were used in the analysis: the German in 

depth accident data (GIDAS), the French accident 
data (LAB) and the (Swedish) Volvo Car traffic 
accident database (VCTAD). This accident 
research is not available in the public domain, but 
it is summarised in this paper.  
 
It should be noted that the sampling and data 
collection strategy applied for these databases is 
generally different in each case. As inclusion 
filters applied to each database can have a 
significant impact on the outcome, it was agreed 
by the group to agree on the following filters for 
the analysis:  
 
• Accidents from 2000 onwards. 
• Vehicles of model year 1998 onwards. 
• Frontal impacts (no multiple impacts). 
• Direction of force from 10 o’clock to 2 

o’clock (longitudinal engagement). 
• Delta V or EES of 15km/h. 
• Collision partner – cars. 
• Belted occupants in any seating position and 

all ages. 
 
After application of the filters, the remaining cases 
were analysed and are summarised in Table 1. 
 

 
Table 1: Summary of cases analysed 

All databases used in the analysis showed a 
similar picture with only slight deviations due 
to restrictions of the data collection, as 
presented below. 
 

A) Impact angle and overlap  
 
For MAIS 2+ injuries: 
 
• Main direction of force, 12 o’clock, 

impacts cover 61% (GIDAS) and 73% 
(LAB) of injured belted occupants. 
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• The main overlap found is 100% in GIDAS 
(55%) and maximum of 2/3rd in LAB data 
(45%) 

• The combined result of overlap and 
direction of force gives the following 
result, 12 o´clock and 2/3rd: 18% (GIDAS 
and 32%(LAB), while 11+1 o´clock and 2/3 
are showing 12%(GIDAS) and 13%(LAB) 
of frontal impact scenarios. 

 
For MAIS 3+ injuries: 
 
• Main direction of force 12 o’clock covers 

63% (GIDAS) and 74% (LAB) of injured 
belted occupants. 

• The main overlap is 100% in GIDAS (61%) 
and a maximum of 2/3rd in LAB (47%). 

• The combined result of overlap and 
direction of force give the following data, 
12 o´clock and 2/3rd: 14% (GIDAS and 
37%(LAB), while 11+1 o´clock and 2/3 are 
showing 11%(GIDAS) and 11%(LAB) of 
frontal impact scenarios. 

 
The result of this accident data suggests that 
Euro NCAP should continue to test at a 
configuration of 12 o´clock impact, and a 
maximum overlap of 2/3rd of the vehicle front. 
In order to enable a potential compatibility 
rating of the whole vehicle front structure, the 
overlap was finally chosen to 50% of the 
impacted vehicle. 
 

B) Impact speed 
 
Applying impact angle and overlap, a further 
analysis of the accident data was carried out to 
determine impact speed. The data shows a 
median EES of 56km/h for MAIS 2+ and 
60km/h for MAIS 3+ injuries (LAB) while the 
impact speed in GIDAS was slightly less. With 
the experience of earlier tests carried out in this 
configuration, compared to a car to car impact, 
the impact speed was set to 50km/h for both 
trolley and vehicle. Consideration was given to 
the having a stationary vehicle impacted by a 
trolley travelling at 100km/h. This 
configuration was not deemed practicable due 
to concerns with the deformation of the barrier 
face being raised.  
 

C) Mass of impacted vehicles 
 

The MPDB test procedure should reflect the 
real world accident scenarios in Europe. Due to 
this fact, the vehicle mass of the current vehicle 

fleet in Europe was taken into account. While 
accident data of LAB showing a mass ratio 
from 0,5 to 1,5 and median masses 
around1200kg, the compact class, which is sold 
most in Europe has a vehicle mass in average of 
1,4t. Hence, a preliminary trolley mass of 
1400kg has been chosen. 
 

D) Affected body regions  
 
A further analysis of the LAB data found that 
for drivers, the abdomen, thorax and lower legs 
were the main body regions suffering MAIS3+ 
injuries. For front seat adult passengers, 
abdomen and thorax injuries stand out.  
A separate study was undertaken by ADAC, 
using their accident data base to have a closer 
look into lower leg MAIS 2+ injuries. This 
study suggested that the main lower leg injuries 
are soft tissue injuries, 23% femur or 
tibia/fibula fractures and 20% ankle joint 
injuries. The actual Hybrid III lower legs could 
cover the ankle and tibia/fibula injuries, 
however soft tissue injuries could not be 
detected, neither by the THOR-LX legs, nor by 
the Hybrid III-legs. Hence, the decision was 
taken to continue the use of the Hybrid III-legs 
in a first stage.  

TEST SPECIFICATION AND REVIEW OF 
THE MOBILE PROGRESSIVE 
DEFORMABLE BARRIER TEST 

All results of the accident analyses provided the 
baseline for the following test configuration.  
• A 12 o´clock frontal impact  
• with 50% overlap of the bullet car. 
• The mobile barrier has an impact mass of 

1400kg.  
• Both vehicle and barrier have an approaching 

speed of 50km/h.  
 
With regards to the latter point, the group reviewed 
the possibility to carry out a stationary versus 
moving car similar to the US NCAP proposal. 
However, due to more realistic approach and for 
better consumer understanding, the decision was 
taken to have both vehicles travelling at a speed of 
50km/h. A diagram of the basic MPDB test set-up 
is provided in Figure 1. 
 
Currently Euro NCAP uses the EEVC deformable 
barrier in the 64km/h ODB impact test. With the 
decision move towards a 180-degree impact 
without any oblique impact angle, a compatibility 
rating based on barrier face deformation would be 
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possible as otherwise the aluminium honeycomb 
will not be able to produce stable footprints. The 
existing EEVC barrier is not suited for such 
assessment however. 
 

 
Figure 1: Impact condition of the MPDB test 

A great deal of research already exists in the 
development of progressive deformable barrier. 
Many organisations, from governments to vehicle 
manufacturers and suppliers, have carried out 
frontal impact research over the last 15 years and 
discussed potential new barrier solutions. In 
particular, the European 7th Framework project 
Frontal Impact and Compatibility Assessment 
Research (FIMCAR) provides a summary of 
numerous research projects into the use of metrics 
and procedures that can be used to measure vehicle 
compatibility [1]. 
 
This research has formed the basis of discussions 
in the Euro NCAP FIWG. Two barrier faces were 
considered by the group: the MPDB XT as 
submitted to GRSP [5] and the MPDB XT-ADAC 
version, a reduced height variant.  
 
The group evaluated the results of full scale 
moving barrier tests with the XT barrier and it was 
noted that it allows loading to be applied in an area 
equivalent to the upper facia level of small cars. 
This loading was observed in full scale tests of a 
Ford Fiesta and a Peugeot 308, as well as in 
comparable MPDB test with the Ford Fiesta and 
different sizes of PDB XT barriers performed at 
ADAC. With this in mind, ADAC developed a 
revised version of the barrier that reduced in height 
from 700mm to 567mm. Full scale testing and 
numerical simulations were performed comparing 
these two barriers and showed that the barriers and 
vehicle performed similarly both in terms of the 
self and partner protection. The group agreed that 

loading should be applied in a more restricted area 
than that permitted by the PDB XT to improve the 
consistency of the measurement.  
 
 
DEVELOPMENT OF THE EURO NCAP 
PDB FACE SPECIFICATION 
 
Although the PDB face is already well 
documented, there has not been any design/build 
specification of sufficient detail available that 
could be used for Euro NCAP testing. It is 
essential that the barriers used in the official tests 
are constructed in a way that is repeatable and 
reproducible, regardless of the barrier supplier. 
Starting from the existing PDB XT barrier details 
[5], a Euro NCAP barrier specification has been 
developed by an ad-hoc group of Euro NCAP 
representatives and three barrier manufacturers. 
This specification is detailed in Euro NCAP 
Technical Bulletin TB022 [6].  
 
The original XT version of the barrier is 
constructed from four honeycomb blocks [5]. 
However, as the Euro NCAP version has a reduced 
height, it was not practicable for the upper block 
(termed 3 in the GRSP document) to be reduced in 
height to 100mm. It was decided that the middle 
block should be simplified into a single 
honeycomb core. This simplifies the design, 
improves repeatability and saves production costs. 
 
The construction of the Euro NCAP MPDB is 
shown in Figure 2. The impactor consists of three 
layers of honeycomb blocks (A, B and C), the 
principal dimensions of all blocks are 1000 ± 
2.5mm x 568 ± 2.5mm. The three blocks are 
stacked; the rear block (A) is 90 ± 1.0mm deep, the 
middle (B) block is 450 ± 1.0mm deep and the 
front block (C) is 250 ± 1.0mm deep. Blocks A and 
C have a homogeneous crush strength, whereas 
block B increases in crush strength with depth. 
Between the blocks are intermediate plates and the 
front block is covered by a contact plate 1.5mm 
thick to limit the likelihood of the barrier tearing 
apart when impacted. The barrier is then wrapped 
in a cladding plate and supported at the rear by a 
backing plate. Rivets have been used to connect 
the contact and cladding plates.  
  
Qualification of the revised PDB XT barrier 
 
The certification of the original PDB XT barrier 
was based on static and dynamic tests. The 
revision of the height and the stiffness of the main 
block are not allowing that the same certification 
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process for the new PDB element can be used. 
Therefore a new certification process needs to be 
defined, where the old procedures could be taken 
on board, but different corridors and loadings have 
to be taken into account. 
 

 
Figure 2: Exploded isometric view of MPDB 

Quasi-static testing 
The barrier manufacturers have provided data from 
honeycomb samples for comparison. The different 
layers of honeycomb will be tested quasi-static 
individually. The elements will have the following 
specifications, see Figure 3: 
 
Front honeycomb block “C”: 
 Displacement Crush strength  
A 6mm  0.34MPa 
B 200mm  0.34MPa 
C 6mm  0.31MPa 
D 200mm  0.31MPa 
 

 
 

Centre/Main progressive honeycomb block “B”: 
 Displacement Crush strength  
A 6mm  0.76MPa 
B 350mm  1.09MPa 
C 6mm  0.62MPa 
D 350mm  0.95MPa 
 

 
 
Rear honeycomb block “A”: 
 Displacement Crush strength  
A 6mm  1.71MPa 
B 72mm  1.71MPa 
C 6mm  1.54MPa 
D 72mm  1.54MPa 
 

 
Figure 3: Stiffness of honeycomb material 

Dynamic testing 
Euro NCAP is still considering the need for 
dynamic barrier certification tests. Two 
possibilities are available, a rigid loadcell wall test 
and/or a tubular impactor test that offers loading 
that is more representative of a vehicle. A review 
of both options is currently taking place. 
 
Trolley Specification 
Several simulations were carried out by vehicle 
manufacturers to show the influence of wheel base, 
track, position of the CoG and positioning of the 
deformable element. The results of the simulations 
show an insignificant effect on the vehicle results 
for different sizes of vehicles. Two existing trolley 
designs were considered to be used in the test. This 
is the FMVSS 2014 trolley and the AE-MDB 
trolley. As the mass of the AE-MDB trolley will be 
aligned with the MPDB trolley in the near future, 
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the use of the AEMDB trolley is preferred for the 
MPDB test. The specification of the AE-MDB 
trolley is the following, wheel base is 3000+/-
10mm and track width 1500+/-10mm. A final 
decision about trolley for the MPDB will be taken 
after the first round robin validation tests planned 
in the next phase of the work.   
 
ADOPTION OF ADVANCED 
ANTHROPOMETRIC TEST DEVICE THOR 
 
The accident analyses highlighted a significant 
number of MAIS 3+ chest and abdominal injuries 
and MAIS 2+ lower extremity injuries, despite 
many advancements made in vehicle safety over 
the years. In pursuing a further reduction of these 
injuries in the real-world, many have pointed out 
that the Hybrid III 50%ile male dummy, used in 
most testing today, has reached its limit. To make 
progress, a more biofidelic and restraint sensitive 
test device would be needed. 
 
To that effect, Euro NCAP has long planned to 
replace the Hybrid III 50%ile male by the Test 
device for Human Occupant Restraint (THOR-M) 
50%ile male dummy, which has better biofidelity 
and generally reflects a human person in a better 
way than the Hybrid III dummy. However, there 
have been several issues with the durability, 
repeatability and reproducibility with the first 
THOR dummies in use, which have put the 
THOR’s dummy readiness in doubt. To address the 
concerns, Euro NCAP and EEVC have joined 
forces in the THOR Evaluation for Frontal Impact 
Regulation (TEFIRE) group. 
 
The TEFIRE group has collected data of THOR 
users in Europe and elsewhere to gain insight in 
the R&R of the latest version of THOR-M in daily 
use. The group found that the dummy’s 
repeatability is considered to be Excellent or Good 
in most available data, including in sled tests. 
However, some remaining problems were found 
regarding reproducibility, particularly for the 
thorax. It should be noted, however, that a study 
into the reproducibility of the injury metrics has 
suggested that the metrics (used for rating) are less 
variable than the individual measurements.  
R&R tests of working group members were also 
taken into account including sled tests and car to 
car impact tests. As part of this work, the BAST 
(German Road Administration) carried out sled 
tests with different THOR dummies and repeated 
these sets several times. The test setup included 
airbag and load limiter function of the seat belt. 
See Figure 4. 

 

 
Figure 4: THOR R&R sled testing 

Table 2 shows the overall result of the repeatability 
of two THOR-M dummies and the reproducibility 
of these two dummies in the BASt sled test series. 
While the repeatability is excellent or good for all 
values the reproducibility is good for nearly all the 
values the lower ribs still show poor 
reproducibility. 
 

 
Table 2: R&R results from sled tests 

Three full size vehicle crash tests have been 
carried out by ADAC to check the repeatability 
and reproducibility of the THOR dummy in a 
vehicle surrounding. The results of this test show 
the good repeatability of the THOR dummy in a 
vehicle test, as seen in the sled test the lower ribs 
show the highest deviation. Similar to the results 
of the sled tests, these full scale tests shows 
adequate reproducibility. See  
Table 3 and Figure 5. 
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Table 3: Dummy results 

 
Figure 5: Car to car impact with THOR dummy 

During the impact test series carried out in the 
TEFIRE R&R program, including severe impact 
scenarios with vehicle deceleration of about 60g, 
there were no noticeable durability issues. 
 
Seating & seating procedure 
Euro NCAP carried out two seating position 
workshops to trail the proposed seating 
procedure by NHTSA. At this stage, Euro 
NCAP plans to adopt the NHTSA seating 
procedure for the driver THOR 50%ile male.  
 
So far it is planned to use the THOR dummy 
just on the driver position. Several tests will be 

conducted with a second THOR on the front 
passenger seat to check if there will be a need 
to have a second dummy included on the front 
row. The alternative is to have the Hybrid III 
50% male on the front passenger seat for the 
Euro NCAP MPDB test. 
 
Dummy hardware configuration 
As Euro NCAP and TEFIRE were evaluating 
THOR-M, further hardware updates have been 
incorporated at the request of NHTSA, Euro 
NCAP and other users. For its 2020 
implementation year, Euro NCAP has agreed to 
use the current THOR SBL-A specification as 
the platform. However, some modifications to 
standard SBL-A will be needed to use the 
dummy for the future Euro NCAP MPDB test. 
 
Euro NCAP is aware that the heavy cable 
umbilical and data acquisition system in the car 
boot may have an adverse effect on the dummy 
and vehicle responses and therefore is actively 
promoting the use of in dummy DAS. 
Depending on the preferred supplier solution, 
this requires a modified spine box to place the 
data acquisition system in the dummy. This 
new spine will also allow a more repeatable 
adjustment of the seating position, as it limits 
the number of settings. See Figure 6. 
 

 
Figure 6: Modified spine box (Humanetics) 

As mentioned previously, Euro NCAP will use 
the standard Hybrid III 50th male lower legs, 
while the interface will be the knee joint of the 
THOR dummy, slider of the THOR knee and 
fork of the Hybrid III upper Tibia. 
 
To detect submarining of the dummy, a set of 
ASIS load cells will be installed in the pelvis. 
These load cells will have a rounded cap to 
avoid them cutting into the lap belt. An 
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additional attached sternum mass will have a 
better repeatability in the calibration process. 
All the above changes will become part of the 
Euro NCAP “SBL-A for Euro NCAP” 
specification. 
 
The THOR instrumentation list is detailed in 
Table 4 on the next page. 
 
DUMMY CALIBRATION 
 
NHTSA has released a set of draft verification 
procedures for THOR-M based on their own 
certification needs and dummies.  
 
Euro NCAP is currently setting up a round 
robin test program, which will include 
European, Asian and North American 
calibration labs and dummies in the field. The 
objective is to recognize issues during 
calibration, dummy issues and confirm 
calibration corridors based on a realistic set of 
dummies. This work will start April 2017 and is 
scheduled to finish by the end of 2017. 
 
 

 
 

 
Table 4: Dummy instrumentation 

 
 
ASSESSMENT CRITERIA 
 
Dummy Criteria 
 
Euro NCAP’s assessment of adult occupant 
protection in the new MDB tests will be based on 
the same principles as the current ODB test. This 
means the test result will be based on dummy 
values, derived from lower and higher performance 
limits against a set of dummy criteria, and restraint 
and structural modifiers. At this stage, only 
tentative dummy criteria and provisional working 
limits, have been discussed in the group. A 
decision on a list of final dummy parameters and 
limits is expected before the end of the year.   
3D measurement data of the vehicle and modifiers 
will be used to define modifiers. The modifiers 
will include airbag deployment, bottoming out of 
airbags, knee impact zone, pedal and footwell 
intrusions, as well as submarining of the dummy or 
door opening and vehicle body stability. 
 
List of preliminary assessment criteria 

• HIC15 
• BrIC (monitoring) 
• Nij 
• C-Nij (monitoring) 
• Chest displacement / Rmax 
• Chest displacement / PCA (monitoring) 
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• Abd compression 
• Left acetabulum load 
• Right acetabulum load 
• Left femur force 
• Right femur force 
• Left knee shear displacement 
• Right knee shear displacement 
• Left tibia index 
• Right tibia index 
• Left tibia compression 
• Right tibia compression 
• Pedal rearwards displacement 

Table 5: Injury criteria 
 
Compatibility assessment 

The aforementioned European research projects,  
FIMCAR and VC Compat, as well as consumer 
protection Institutions, such as ADAC and the FIA, 
have studied the incompatibility between cars for 
several years. This research has identified mass 
differential, stiffness of front structures and 
geometric alignment as the parameters most 
influencing vehicle incompatibility. 

The PDB XT barrier was developed to replicate a 
vehicle front structure with a progressive structure. 
The last sheet, with the highest stiffness, is present 
to avoid bottoming out of the alloy honeycomb and 
allows a calculation of the energy absorption of the 
barrier. 

A 180° impact scenario, as it will be used in Euro 
NCAP from 2020 onwards, will lead to a nearly 
vertical loading of the barrier, which enables a 
good calculation of the energy transferred into the 
barrier and measurement of the footprint in the 
barrier by scanning the intrusion depth, see Figure 
7. The trolley deceleration provides an alternative 
means to assess the impact energy that is 
transferred to the trolley.  

 
Figure 7: PDB barrier and scan 

Euro NCAP is currently reviewing how these 
measures can used to rate the aggressiveness of the 
vehicle front-end. The idea of a compatibility 
rating for Euro NCAP is still under development, 
but some basic work has been undertaken by 
ADAC already for some years. ADAC uses a 
method by which certain area of the PDB element 
will be digitised before and after impact to 
calculate the intrusion depth. By using the 
intrusion depth and energy absorption, the 
horizontal and vertical spread of intrusion depth 
can be evaluated. The measurements are 
transferred into a spreadsheet for analysis, an 
example of this is shown in Figure 8. Initial results 
of this method are encouraging and allow for a 
useful comparison between vehicles.  

 
Figure 8: Digitising of intrusion depth. 

VERIFICATION OF THE DRAFT 
PROCEDURE 

In 2017, the first validation of the test procedure 
will be undertaken by the working group. Data will 
be gathered from different vehicle classes to verify 
the injury criteria of the THOR dummy, provide 
additional input for the compatibility rating and 
allow for a review of the test protocols. 
 
Next year, a final round robin test series will be 
undertaken with all the labs included in the Euro 
NCAP program to check the repeatability of the 
test method across different labs and allow for 
final adjustments of the testing and assessment 
protocol. The final protocol release is planned in 
autumn 2018 for implementation in the year 2020. 
 
 
CONCLUSIONS 
 
With the introduction of the MPDB test, Euro 
NCAP is revising its offset frontal impact 
protocols based on the latest information from 
accident data and state of the art measurement 
equipment. The new test setup will replicate 
vehicle to vehicle crashes in a more realistic way 
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than that of the current 64km/h ODB test. The 
ATD used in the test should address the most 
common issues seen in the European accident data 
bases, which is are thoracic and abdominal 
injuries. With the development of a compatibility 
rating, better interaction and alignment of vehicle 
front crash structures should be promoted to cover 
a broader range of front impact scenarios. 
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ABSTRACT 

 

Among the proposed amendments to the US-NCAP announced on Dec. 2015, a new acetabulum injury evaluation 

along with the next-generation THOR dummy has been included [1]. In relation to this topic, numerous research 

tests and studies are already being conducted by NHTSA. However, 29% of those tests showed that acetabulum 

injury has occurred due to tensile load rather than a compressive load from the femur. Therefore, in this research, 

we investigated whether similar injury mechanism actually occurred in real world accidents using NASS-CDS 

(CY2000-10) data. It is observed that 95% of acetabulum injuries in real world accidents were injuries 

accompanied by fractures, and 82% of these injuries were related to interaction with the instrument panel. This 

suggests that most of the acetabulum injuries occur by a compressive load and they are far less likely to occur 

with tensile load. 

In addition, by analyzing the mechanism of injury occurrence of the research tests, there are the two influential 

factors for the difference between the crash test results and real world accidents. They are  i) the difference 

between the THOR dummy and the human body around the hip joint and ii) the problem of acetabulum injury 

criterion. In the future, further research is necessary in order to propose a more appropriate injury risk evaluation.  

 
INTRODUCTION 

 

Related to the injuries at and around the hip joint of vehicle occupants during a frontal crash,  a number of research 

reports were already published. Dakin, et.al found that the number of hip injury is highly dependent on angle of 

impact [2]. Based on PMHS (Post Mortem Human Surrogate) experiments, Rupp, et.al reported the tolerance 

levels of fractures occurring at the hip joint and the connecting femur bone [3]. Martin, et.al analyzed real world 

accidents related to Narrow offset and Oblique Frontal Crash accidents and compared the pelvic injuries of 

THOR-NT dummy with human body [4]. Kuwabara, et.al compared acetabulum loads of the THOR dummy, 

HybridⅢ dummy and THUMS. And, they analyzed the mechanism of acetabulum injury by numerical analysis 

using detailed vehicle model [5]. However, there are few published research works addressing the consistency 

between research tests and real world accidents, especially focusing on the mechanism of acetabulum injury.  
Therefore, in this study, we focused our analysis on (i) acetabulum injury of NHTSA research tests using THOR 

dummy, (ii) acetabulum injury in real world accidents and (iii) the difference of injury mechanism between the 

research tests and the real world accidents. 

Based on the above mentioned background research works, NHTSA proposed the introduction of 1) the Oblique test 

in addition to the conventional Full Frontal Rigid Barrier test and 2) a new dummy THOR with improved biofidelity 

to be used in the frontal crash tests in the revised US-NCAP draft announced in Dec. 2015. Compared to the current 

HybidⅢ dummies, using the THOR dummy, more injuries can be evaluated and the acetabulum injury is one of them. 

In response to numerous research studies being conducted by NHTSA, we in this research (i) changed the viewpoint 

from conventional research, (ii) analyzed the frequency and mechanism of occurrence of acetabulum injury in real 

world and vehicle crash tests and finally (iii) carried out a comparison of them. 
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1. Analysis of NHTSA research tests 

1.1 List of tests 

 

Injuries for the Driver and Passenger occupants in Left Oblique, Right Oblique and Full Frontal Rigid Barrier tests 

using the THOR dummy are analyzed in detail. Those tests having failure in data recording or not having proper 

test reports are excluded. Data selection for the present analysis is as shown in Table 1. In the following sections, 

Left Oblique will be denoted by “LO”, Right Oblique by “RO” and Full Frontal Rigid Barrier by “FRB”, respectively. 

 

Table1.  

Selection of NHTSA research tests (Refer to Appendix A) 
 Abbreviation Occupants(side) Number of tests 

Oblique Left LO Driver (left) 22 

Passenger (right) 16 

Right RO Driver (left) 
8 

Passenger (right) 

Full Frontal Rigid Barrier FRB Driver (left) 5 

 

1.2 Acetabulum load measurement location and evaluation method 

 

Using the THOR dummy, it is possible to measure three axial loads of the acetabulum. As shown in Fig. 1, the load 

cells are highlighted by indicated within the dotted box. The Acetabulum injury value, as proposed in new US-NCAP, 

is based on the total resultant value of three axial loads recorded by the load cell [1]. 

 
Figure 1. Acetabulum load measurement position 

 

 

1.3 Proportion of injuries exceeding IARV in each body region 

 

Table 2 shows the lists of body regions, injuries, IARV (Injury Assessment Reference Value) and the 

corresponding criteria for serious injury. 

We examined the percentage of injuries of each body region with respect to the total number of injuries, only 

for those injuries which exceeded the IARV as shown in Fig.2.  
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Table 2  
List of body region, injury, IARV and criteria for serious injury 

Body 

Region 
Injury Unit IARV Criteria for serious injury when above IARV 

Head 
HIC15  700 11.2% risk of AIS 3+ injury [6] 

BrIC  0.87 50% risk of AIS 3+ brain injury[7] 

Neck Nij  1.0 22% risk of AIS 3+ injury[6] 

Chest 
Upper Chest deflection mm 53 -[8] 

Lower Chest deflection mm 46 -[8] 

Abdomen Abdomen deflection mm 90 50% risk of AIS 3+ injury.[9] 

Lower 

extremity 

Acetabulum N 3280 
25% risk of a hip fracture (AIS 2+, or AIS 3+ if open 

fracture) [4] [10] 

Femur N 9040 25% risk of AIS 2+ injury [11] 

Proximal Tibia Axial 

Compression 
N 5600 25% risk of AIS 2+ injury [11] 

Distal Tibia Axial 

Compression 
N 5200 25% risk of AIS 2+ injury [11] 

 

For those cases where the IARV is exceeded, 16% were acetabulum related injury. The number of data exceeding 

IARV in each category of LO, RO and FRB is shown in Appendix B.  

 

 
Figure 2. Proportion of injury of each body region exceeding IARV  (except for upper extremity) 

 

1.4 Magnitude of resultant load and occurrence frequency of acetabulum injuries in research tests 

 

Fig. 3 (a-c) show the frequency distributions of acetabulum resultant loads (including those cases below the IARV 

level) in left and right lower extremities for LO, RO and FRB groups. The horizontal axis shows the resultant load 

with groups of 1000N increments and the vertical axis indicates the corresponding frequency or the percentage of 

those groups. For example, with the LO Driver Right leg, the number of tests where the maximum acetabulum resultant 

load is within the range of 1001-2000N is 8.  The total number of tests is 22 as indicated in Table 1. So the ratio in 

this range of 1001-2000N, is 8/22(36%).  
Although, in general,  one may expect that the acetabulum resultant load of the near-side passenger for the cases of  

larger intrusion of the instrument panel to be always high, but such tendency was not very evident from the 

distributions of  Fig. 3(a-c).  

Hence, there is a possibility that only a compressive load transferred from the instrument panel to the hip joint through 

femur, is not always the main influencing factor for the occurrence of acetabulum injury. Also, the percentage of tests 

where the maximum acetabulum resultant load exceeded IARV(3280 N) level was 34%. 
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(a) LO (b) RO 

 
(c) FRB 

Figure 3. Frequency distribution of acetabulum resultant load  

 

1.5 Proportion of x, y, z components in Acetabulum resultant load 

 

Next, Fig.4 shows the proportions of each individual component (Fx, Fy, Fz) at the instant of time when the resultant 

load of acetabulum reaches maximum. The horizontal axis corresponds to each test and vertical axis shows the 

proportion of each individual component (Fx, Fy, Fz). It is observed that the percentage of cases with Fx as the highest 

load is quite high, about 60% of total cases and 71% within in the cases which exceed IARV level. Hence, in following 

part of our study, we focused on acetabulum Fx component. 

 

 
(a) Right leg 
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(b) Left leg 

Figure 4. Ratio of acetabulum load 
 

1.6 Frequency of tensile / compressive load occurrence in acetabulum Fx 

 

The result of classifying the Fx component at the maximum of the resultant load into compression / tension is shown 

in Fig. 5 (a) for each collision type and occupant. We found the following trends: 

i) Near side occupant of LO/RO: compression cases are as high as 70% or more (solid line frame in Fig. 5a). 

ii) Far side occupant of LO/RO and FRB: tension cases are as high as 55% or more (broken line frame in Fig. 5a) 

Generally speaking, the magnitude of instrument panel’s intrusion is less for far side impact than near side impact.  

For the case(i), there will be a strong interaction between the knee and instrument panel with the forward movement 

of the pelvis and it results in a large compressive input load to the acetabulum from the knee through the thigh as 

illustrated by Fig. 6.   

On other hand, for the case(ii),  as the magnitude of instrument panel’s intrusion is small, the interaction between the 

knee and instrument panel would be weaker. So, due to inertia of the femur and the lower part of the leg, the forward 

movement of the thigh is not fully restrained by a less intruded instrument panel. This leads to inertia induced tensile 

load in acetabulum. 

 

 

 

(a) Ratio of tension / compression for each type of crash and 

occupant 
(b) Compressive/tensile load direction 

Figure 5. Ratio of acetabulum Fx tension / compression 
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Figure 6. Load path from knee to acetabulum 

 

1.7 Mechanism of the occurrence of acetabulum Fx 

The mechanism of occurrence of acetabulum Fx was classified into 4 groups (Groups A - D). Representative examples 

are shown in Figs. 7-10. Horizontal axis is the relative pelvis movement (stroke) calculated from the logitudinal 

acceralation of the pelvis and the deceleration pulse of the vehicle. 

 

Compression Pattern 

 

Group A: Femur Fz compressive load (axial direction of femoral region) is increased by a compressive load input 

from the knee. Along with that, the compressive load of the acetabulum Fx also increases. The acetabulum 

compressive load reaches its maximum at the instant of maximum compressive load of femur Fz. 

 

 

 

 

Figure 7. Mechanism of compressive load (Group A) 
 

Tension Pattern 

 

Group B: Initially, a compressive load of acetabulum Fx is developed similar to Group A. With the rebound of the 

pelvis, Fx changes from compression to tension. The acetabulum resultant load reaches maximum at the timing of the 

peak tensile load. 
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Figure 8. Mechanism of tensile load (Group B) 

 

Group C: Tensile load occurrs from the beginning, and it reaches a peak before the rebounding phase of pelvis. This 

will happen when the pelvis is restrained by the belt and the thigh moves forward due to inertia. 

 

 

Figure 9. Mechanism of tensile load (Group C) 
 

Group D: Despite the increase in compressive load of femur Fz, the tensile load of acetabulum Fx increases. This 

phenomenon is thought to be occurred by the following mechanism.  

 i) The forward movement of the pelvis is restrained by the belt. 

 ii) Knee is restrained by instrument panel. 

 iii) The part “a” shown by hatched line in Fig.10, moves forward with inertia. As a result, a tensile load occurrs in the 

acetabulum Fx. 

 

 

Figure 10. Mechanism of tension load (Group D) 
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1.8 Relationship between acetabulum Fx and femur Fz load for below and above acetabulum IARV 

 

In femur Fz vs acetabulum Fx plot as shown in Fig. 11(a-e), Groups A to D for each crash type and occupant are 

identified and plotted. The plotted femur Fz and acetabulum Fx are the values when the resultant load of acetabulum 

reached its maximum value. As a result,  
(i) Mode of Group A appeared when the femur load was high and it is most likely that the input of the compressive 

load from the knee is the main cause of the occurrence of this type injury.  

(ii)Mode of Groups B, C appeared when the femur load was low, especially occurred for the far side occupant. 

(iii)Mode of Group D did not appear as there is no case exceeding IARV. 

 

  
(a) LO Driver (Near side) (b)LO Passenger (Far side) 

  
(c) RO Driver (Far side) (d) RO Passenger (Near side) 

 
(e) FRB Driver 

Figure 11. Relationship between Femur Fz and Acetabulum Fx 

(● are below IARV and others grouped in A-D are above IARV) 
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1.9 Frequency of occurrence in Groups A to D 

 

To compare with real world accidents, the occurrence frequencies of Groups A to D, as shown in Fig. 11, are 

summarized in Fig. 12 for NHTSA research tests. We observed 29% in tension and 71% in compression for Fx. 

 

 
Figure 12. Proportion of each group A~D 

 

2. Analysis of real world accidents 

2.1 Selection criteria 

 

A total of 1016 injury numbers were extracted from NASS-CDS database using the following selection criteria to 

match with the research test conditions as closely as possible (Table 3). 

 

Table3.  

Summary of NASS-CDS data condition 

Data years 2000~2010 

Deformation location Front 

Direction of force 11, 12, 1 

Delta-V 40-70kph 

Occupant’s seat position Driver, Passenger 

Occupant’s height 165-185cm 

Belt use Used only 

Rollover collisions Not involved 

Object Contacted Not tree and pole 

Multiple collisions Not involved 

AIS 2+ injured 

 

2.2 Proportion of injured parts 

 

Fig. 13 shows the ratio of the number of injuries in each body region starting from head to lower extremity within the 

full set of extracted injuries. Lower extremity accounts for 48%. In addition, Fig. 14 shows breakdown of lower 

extremity injuries. Pelvis and femur injuries account for 28%. 
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Figure 13. Proportion of injury by body region (except for upper extremity) 

 

 
Figure 14. Proportion of lower extremity injury 

 

2.3 Frequency and mechanism of injury related to acetabulum 

 

Positions of pelvis and femur injuries in Fig. 14 are shown in Fig. 15. 47% occurred around the acetabulum consisting 

of acetabulum 29%, ischium, rami, public bone 10%, and femur neck 8%.  

 

 

 

 

Figure 15. Detail of pelvis and femur injury 
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Injuries around acetabulum were classified into 3 patterns: (i) fracture only, (ii) fracture & dislocation and (iii) 

dislocation only (Fig. 16). They are 72%, 23% and 5%, respectively. 

 

 
Figure 16. Proportion of injury of around acetabulum 

 

Fig. 17 shows the sources of acetabulum injury accompanied by fracture. 82% occurred due to contact with instrument 

panel, which is very frequent compared to other sources, such as steering, Belt, TRIM ,etc. 

 

 
Figure 17. Sources of injury of around acetabulum (fracture, fracture & dislocation) 

 

2.4  Summary  

 

Of the lower extremity injuries in the real world accidents, firstly, extracting the injuries around the acetabulum, and 

next, analyzing the patterns and the source of injuries. As a result, 95% of the acetabulum injuries were accompanied 

by fractures and 82% of which were due to contact with the insturument panel. Therefore, it is natural to consider that 

most of the acetabulum injuries are caused by compressive loads from the peripherial components, such as instrument 

panel. 
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DISCUSSION 

 

Results of the NHTSA research tests indicates that the ratio of acetabulum Fx component is higher than those of the 

other two components Fy and Fz. Also, in the case of lower femur Fz, acetabulum Fx tends to occur in tension. 

Counting among all the cases exceeding IARV, Fx in tension is 29% and Fx in compression is 71%  when acetabulum 

resultant load reached its highest peak. 

On the other hand, 95% of AIS+2 acetabulum injuries in real world accidents involve fractures or fractures with 

dislocation. It is natural to think that the injuries accompanying these fractures are caused by a compressive load from 

a outside input load when the knee comes into contact with the instrument panel covering 82% of those modes. 

On the basis of the above facts, the following two points are inferred regarding the relationship between the real world 

accidents and the research tests(Group A to D)  in point of the injury occurrence mechanism. 

1) The majority of fractures in real world accidents correspond to Group A. 

2) The majority of fracture & dislocation in real world accidents are considered to occur mainly during a typical 

phenomena as illustrated by Fig.18, and correspond to Group A. 

 

 
Figure 18. Assumed mechanism of fracture & dislocation (cross section of pelvis and femur) 

 

The respective incidence rates are shown with help of a comparison bar chart in Fig. 19. Group A which accounts for 

71% of the research tests is considered to correspond to fracture and fracture & dislocation mode in real world 

accidents. However, the remaining 29% is an injury mainly caused by tension, which may not have occurred in real 

world accidents. The most probable reasons for this are 1) basic structural differences between THOR dummy and the 

human body around the hip joint and 2) lack of a rational and proper evaluation procedure to measure acetabulum 

injury. 
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Figure 19. Comparison of research tests and real world accidents acetabulum injury  

 

1) Structural difference between THOR dummy and a human anatomical structure around the hip joint   

 

As shown in Fig. 20, in the human body, the acetabulum and the femoral head are connected by complex 3-D 

ligaments. On the other hand, in THOR dummy they are connected with a simple metal ball joint. When a tensile load 

is applied from the femur, the ligaments extend in the human body, but in THOR dummy, a high tensile load 

corresponding to the rigidity of the metal part is transmitted directly to the acetabulum. For this reason, it is expected 

that there is some difference in the amount of transmitted tensile load between them. 

 

 
 

(a)Human (b)THOR dummy 

Figure 20. Around of acetabulum of right side  

 

2) Evaluation method of acetabulum injury 

 

Although the current existing injury criterion is based on injuries due to compression [3], the effect of 

compression and tension modes are equally treated in the proposed revision of the new US-NCAP [1]. There is 

a possibility that this may affect the occurrence frequency of those cases which are judged as serious injury. 
Figure 21 shows the ratios of injuries in each part to the total number of injuries in the research tests and real 

world accidents. In comparison with the research tests and the real world accidents, the injury of acetabulum are 

16% and 6.3%, respectively. The percentage of research tests is higher than that in real world accidents. 

Excluding the tensile load of acetabulum Fx from the evaluation, that is, without counting those cases belong to 

groups B to D which occurred due to the tension in Fig. 19, the ratio of acetabulum injury in the research tests 

is about 12%. Then, the relative proportions of research tests will be closer to that of the real world accidents. 

Therefore, by improving the criterion appropriately, there is a possibility to close the gap or difference in 

acetabulum injury occurrence mode between the research tests and the real world accidents, by matching them 

closer to each other. 

*AIS2+injured 

*Above IARV of acetabulum 
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Figure 21. Percentage of acetabulum injury 

 

CONCLUSION 

 

Focusing on the direction (tension/compression) of acetabulum force Fx in the NHTSA research tests related to the 

US-NCAP revision proposal, the consistency of those research test results with real world accidents was investigated.  
As a result, the incidence in testing of the compression mode considered to be consistent with the real world accidents 

was 71%. On the other hand, the remaining 29% is a mode in which the injury value is determined by tension, and 

there is some possibility that it is not consistent with real world accidents.  
Two of the possible main reasons are (i) the structual difference on the tension side of the human body and the hip 

joint of the THOR dummy and (ii) the judgement of acetabulum tensile load evaluated in the same way as compression 

mode when evaluating the injury value.  
In future, further studies related to the above mentioned two factors are necessary in order to make the acetabulum 

injury risk evaluation method more appropriate. 

 

 

ABBREVIATION 

 

・FRB：Full Frontal Rigid Barrier 

・IARV：Injury Assessment Reference Value 

・LO：Left Oblique 

・NASS-CDS：National Automotive Sampling System Crash worthiness Data System 

・NHTSA：National Highway Traffic Safety Administration 

・PMHS：Post Mortem Human Surrogate 

・RO：Right Oblique 

・THOR：Test device for Human Occupant Restraint 

・THUMS：Total Human Model for Safety 

・US-NCAP：The U.S. New Car Assessment Program 
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Appendix A (NHTSA Research Test Data) 

Selected cases is the following “○”. Acetabulum resultant force is above IARV in the following shading cases. 

 

Selected data of LO 

No. Vehicle Data(Driver) Data(Passenger) 

v07467 2011 BUICK LACROSSE ○ Not Available 

v07851 2011 CHEVROLET CRUZE ○ NA 

v07852 2011 CHEVROLET CRUZE ○ NA 

v08475 2013 VOLVO XC60  ○ ○ 

v08476 2013 DODGE DART ○ ○ 

v08477 2013 HONDA CIVIC No data ○ 

v08478 2013 SUBARU FORESTER ○ ○ 

v08488 2012 VOLVO S60 ○ ○ 

v08787 2014 MAZDA 3 ○ ○ 

v08788 2014 MAZDA CX-5 ○ No data 

v08790 2014 TOYOTA CAMRY ○ ○ 

v08791 2014 HONDA ODYSSEY ○ ○ 

v09043 2015 HONDA FIT ○ ○ 

v09122 2013 NISSAN VERSA ○ ○ 

v09123 2013 HYUNDAI ELANTRA  ○ ○ 

v09124 2012 TOYOTA CAMRY ○ ○ 

v09125 2013 FORD TAURUS ○ ○ 

v09126 2012 HONDA CR-V ○ ○ 

v09127 2012 HONDA ODYSSEY ○ ○ 

v09128 2012 CHEVROLET SILVERADO No data ○ 

v09206 2011 CHEVROLET CRUZE ○ NA 

v09208 2011 FORD EXPLORER ○ NA 

v09212 2011 TOYOTA YARIS ○ NA 

v09217 2011 DODGE RAM ○ NA 

 

 

Selected data of RO 

No. Vehicle Data(Driver) Data(Passenger) 

v08998 2014 MAZDA CX-5 ○ ○ 

v09042 2014 HONDA ACCORD ○ ○ 

v09110 2012 NISSAN VERSA ○ ○ 

v09121 2012 TOYOTA CAMRY ○ ○ 

v09354 2015 SUBARU FORESTER ○ ○ 

v09477 2015 CHEVROLET MALIBU ○ ○ 

v09478 2015 FORD F-150 ○ ○ 

v09480 2015 TOYOTA HIGHLANDER ○ ○ 

v09483 2015 VOLVO S60 ○ ○ 
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Selected data of FRB 

No. Vehicle Data(Driver) Data(Passenger) 

9333 Malibu ○ - 

9334 Highlander ○ - 

9336 MAZDA3 ○ - 

9337 FIT ○ - 

9335 F-150 ○ - 

 

Appendix B 
Number of injury above IARV (body region) 

Injury 
LO 

Driver 

LO 

Passenger 

RO 

Driver 

RO 

Passenger 

FRB 

Driver 
SUM 

Head 18 20 8 8 0 54 

Neck 3 0 2 0 0 5 

Thorax 12 3 0 3 1 19 

Abdomen 0 0 0 0 0 0 

Lower extremity 17 6 3 1 0 27 

 

Number of injury above IARV (lower extremity) 
 Injury LO 

Driver 

LO 

Passenger 

RO 

Driver 

RO 

Passenger 

FRB 

Driver 
SUM 

Acetabulum 8 6 2 1 0 17(12/5)* 

Femur 0 0 0 0 0 0 

Tibia 9 0 1 0 0 10 

*Group A (compressive load) is 12 case, Group B~D (tensile load) is 5case. 
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ABSTRACT 
 
This paper will present a study comparing the chest response of the Humanetics Innovative Solutions Incorporated 
(HIS) Hybrid III 5th Percentile harmonized dummy with that of the Denton ATD (DN) and First Technology Safety 
Systems (FTSS) 5th percentile dummies.  This study focuses specifically on the differences in the chest jacket 
designs, comparing the harmonized chest jacket used on the HIS dummy developed through the SAE technical 
working group in 2009 that was formed to address differences between the chest jackets of the two dummy brands 
at the time; Denton and FTSS chest jackets.  The authors will present data from chest impact tests conducted in 
accordance with Part 572.134 Thorax impact. Additionally data will be presented for chest impacts conducted in 
accordance with SAE J2878.  This test method produces chest deflections which are more inline with the deflection 
amounts typically seen in full scale vehicle testing conducted in the US New Car Assessment Program (NCAP).  
Additionally, controlled sled testing was conducted to compare the response observed in the chest impact testing to 
the chest deflections generated during seatbelt loading.  For the sled test a 8 g ½ sine wave pulse with a duration of 
175 msec. was selected, again, because it generated chest deflection amounts typically seen in the U.S. NCAP 35 
mph frontal barrier test (15~20mm).  Additionally, three belt positions were used to study the chest response for the 
three chest jackets depending on belt placement; a nominal position as well the shoulder belt position shifted 50 mm 
inboard and 50 mm outboard.  All three dummies fell within the corridors of the Part 572.134 chest impacts 
required for FMVSS 208 with harmonized dummy having slightly less deflection 50 mm versus 51 and 52 mm for 
the FTSS and Denton dummies respectively.  Chest impacts conducted per SAE J2878 showed the same tendency 
as Part 572.134 chest impacts with the harmonized dummy again showing slightly lower deflections than the FTSS 
and Denton dummies.  Sled testing results showed the same tendencies as the chest impact tests with the HIS 
dummy with the harmonized chest jacket showing ~2mm lower chest deflection than the FTSS and DN dummies.   
It was also noted that the deflection amounts for all three dummies tend to be very sensitive to belt placement.  
Specifically, the deflection tended to be less if the belt remains on one of the dummy’s breasts for the duration of  
the test; compared to cases where belt slips off the breast during the loading.   
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BACKGROUND 

Before Denton ATD Inc. (DN) and First Technology 
Safety Systems (FTSS) merged to form Humanetics 
Innovative Solutions Inc. (HIS) in 2009, DN and 
FTSS were each making a version of the 5th 
percentile small female Hybrid III dummy. 
Differences in the physical characteristics between 
the two versions of the dummy were evident despite 
the dummy design and calibration requirements being 
formally documented in regulation (49 CFR Part 572 
Subpart O). Most notably for the current study were 
differences in the design and construction of the 
dummy’s chest jacket. Furthermore, neither the FTSS 
or DN chest jackets fully complied with the drawing 
requirements in Part 572.   

The Hybrid III 5th Percentile chest jacket consists of a 
simulated flesh material and breast anthropmentry 
which covers the thorax of the dummy. The chest 
jackets produced by DN and FTSS differed in terms 
of material stiffness and breast location, geometry, 
and composition. These differences were thought to 
result in performance and calibration differences 
between dummies using either of the jackets, and 
previous studies attempted to quantify those effects.  
In particular, Tylko et. al.  identified potential for 
differences in measured chest deflection between the 
two dummy brands particularly with respect to how 
the seatbelt interacted with the differences in the 
dummy’s chest jacket geometry [1].  As such 
NHTSA currently allows manufacturers to select 
which dummy brand to use for testing under 
applicable Federal Motor Safety Standards (FMVSS) 
compliance testing as well as frontal testing under the 
New Car Assessment Program (NCAP). 

Due to these differences, an effort was launched by 
the SAE Human Biomechanics and Simulations 
Standards Committee Hybrid III Task Force to 
develop a hamonized chest jacket design. The 
redesign was ultimately completed by Humanetics 
and documented in SAE Standard J2921 (Jan2013) 
“HIII5F Chest Jacket Harmonization.”  Figure 1 
shows the three different variations of the Hybrid III 
5th percentile female chest jacket. 

 

Figure 1. 
Comparison of Harmonized (HIS) Chest Jacket to 

the DN and FTSS brand for the Hybrid III 5th 
Percentile Female Dummy [2] 

The purpose of this study was to build on the the 
previous work, providing a comparison of the chest 
stiffness of the Hybird III 5th percentile dummy with 
the HIS harmonized chest jacket to the DN and FTSS 
brand dummies. This investigation was accomplished 
using two different chest impact test procedures and a 
belted sled test. During the sled tests, three belt 
positions were used to evaluate the impact of belt 
positioning on chest response as well as potential 
differences in how the belt interacted with the 
geometry of the three chest jackets. 

METHODS 

The purpose of this research study was to study the 
differences in the chest response of the harmonized 
chest jacket of the HIS dummy compared to the DN 
and FTSS 5th percentile dummies. To accomplish 
this, the study was divided into three portions. 
 

1. High Speed Chest Impacts: Conducted in 
accordance with Part 572.134 Thorax impact 

2. Low Speed Chest Impacts: Conducted in 
accordance with SAE J2878 

3. Controlled Sled Testing  
 

High Speed Chest Impacts 
The high speed chest impact tests were conducted in 
accordance with the Code of Federal Regulations 
(Part 572.134 Thorax Impact). This testing was 
conducted to ensure that each dummy’s chest 
response is within the regulatory limits. A total of 
four dummies were used; two HIS dummies, one DN, 
and one FTSS. Each dummy was soaked in an 
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environment with a relative humidity ranging from 
10%-70% until the dummy’s ribs reached a stable 
temperature between the range of 69°F to 72°F. The 
dummy was then seated on a flat steel surface 
without back and arm support. The pelvic angle was 
set to 13° via standard FMVSS 208 protocol. The test 
probe was aligned relative to the dummy’s rib (See 
Figure 2). A test probe within the regulatory 
specifications was used; 14.19 kg and diameter of 
152.37 mm. A 6.7 m/s probe velocity was used. Each 
dummy included a potentiometer installed inside the 
sternum which was used to measure the horizontal 
deflection of the sternum relative to the thoracic 
spine. [3] 
 

Figure 2. 
High speed thorax impact test set-up 

specifications [3] 
 
Low Speed Chest Impacts 
The low speed chest impact was conducted to study 
chest responses similar to that typically seen in full 
scale vehicle testing under NHTSA’s New Car 
Assessment Program (NCAP) of 15-20 mm. Tests 
were conducted in accordance with SAE J2878. A 
total of four dummies were used; two HIS dummies, 
one DN, and one FTSS (same dummies as the high 
speed chest impacts). Each dummy was dressed in 
standard t-shirt and pants. The chest flesh was 
removed for each dummy. The dummies were then 
soaked in an environment with a temperature ranging 
from 69°F to 72°F, for at least four hours, until the 
dummy’s ribs reached a stable temperature between 
69°F to 72°F. For each trial, the dummy was seated 
onto a fixture that consisted of a smooth, clean, and 
dry steel surface. The neck bracket upper and lower 
index locations were set to the zero position (Figure 
3). Reference measurements were collected once the 

dummy was seated into position. The chest flesh and 
t-shirt was re-installed onto the dummy. The dummy 
would sometimes need to be repositioned correctly 
after the chest flesh was re-installed. Therefore, the 
reference points measured prior to chest jacket 
installation were used to adjust the dummy as needed.  
 

  Figure 3.  
Low speed thorax impact test set-up specifications 

[4] 
  

The same test probe that was used for the high speed 
chest impacts was also used for this testing (152.37 
mm diameter rigid cylinder with a total mass of 14.19 
kg). The alignment of the probe with the dummy 
chest is shown in Figure 3. The probe’s velocity upon 
impact was 3.00 m/s. Each dummy was tested for 
n=5 trials. [4] 
 
Controlled Sled Testing 
The test matrix shown in Table 1 was used for the 
controlled sled testing portion of this research study. 
This matrix was created with the purpose of 
comparing chest responses when mimicking belted 
seating positions. Also, different belt positions were 
utilized to study any potential influence the 
differences in the chest jacket geometry has on how 
the seatbelt interacted with the chest and thus 
influenced the chest response.  
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Table 1. 

Controlled sled testing matrix 
  

Sled Set-up: Dummies were seated on a rigid bench 
seat fixture. The seatbelt assemblies were standard 
vehicle 3-point ELR (emergency locking retractor) 
seatbelts without load limiters or pretensioners to 
minimize any potential testing variation.  Figure 4 
shows the sled test setup used.  The nominal belt 
position was set to match a typical belt path (the belt 
layout of a mid-size SUV was used as a surrogate). 
Three belt postions were used as shown in Figure 5. 
The nominal belt position was centered on the 
shoulder with the belt passing between the breasts of 
the dummy. The off-shoulder position was shifted 
50mm outboard placing it on the most distal portion 
of the shoulder skin and passed over the outer most 
breast. The neck collar position was shifted 50mm 
inboard flush with the edge of the neck skin.  In this 
position the belt passed over the inner most breast. A 
portable coordinate measuring machine (CMM) was 
used to position the dummies and set the seatbelt to 
ensure repeatable results. [1] 
 

                
Figure 4. 

Controlled sled test set-up 
 

 
Figure 5. 

Controlled sled testing belt positions 
 
Sled Pulse: An 8 g ½ sine wave sled pulse with a 20 
mph velocity change was used because this pulse 
achieved chest deflections of that seen in full scale 
vehicle NCAP testing (~15-20 mm). The resulting 
pulse shape and repeatability is illustrated in Figure 
6.  
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Figure 6. 

Sled pulse overlay from simulation target of 8 g 
 
Instrumentation: High-speed video cameras were 
installed for each test; Front onboard, Left rear 
onboard, left off board, right off board, and overhead. 
Data collection and filtering was conducted in 
accordance with SAEJ211. The dummies were 
instrumented as shown below: 

1. Head tri-axial accelerometers x, y, z  
2. Chest deflection x  
3. Chest triaxial accelerometers x, y, z  
4. Pelvis triaxial accelerometers x, y, z  
5. Lap belt load  
6. Shoulder belt load 

 
RESULTS AND DISCUSSION 
 
The HIS dummies had slightly lower chest 
deflections for all types of testing conducted (high 
speed and low speed chest impacts, and sled testing). 
In general, dummies showed a similar chest response 
effect of lower chest deflections when the belt 
placement was shifted away from the nominal chest 
position. Shifting the seatbelt away from the nominal 
position also resulted in more variation in results due 
to differences in breast-belt interaction during chest 
loading. 
 
High Speed Chest Impacts 
Dummy peak deflection, and internal hysteresis were 
examined. All tested dummies fell within the 
corridors of Part 572.134 chest impacts required for 
FMVSS 208. The probe speed during each test was 

within the regulatory corridor of 6.59 m/s to 6.83 
m/s. The peak force for each test fell within the 
regulatory corridor of 3,900 N to 4,400 N (See Figure 
7). The HIS dummies experienced lower resistive 
forces by at least 125 N compared to the FTSS and 
DN dummies but were still within the corridor. 
 

 
Figure 7. 

High speed testing dummy peak resistive force 
during deflection corridor 

 
Peak chest deflections ranged from 50 mm to 52 mm 
which fell within the regulatory corridor of 50 mm to 
58 mm, with the HIS dummies showing slightly 
stiffer response. Specifically, both of the tested HIS 
dummies showed chest deflections of 50 mm while 
the FTSS and DN dummies had chest deflections of 
51 mm and 52 mm respectively (See Figure 8). 
 

 
Figure 8. 

High speed testing dummy peak chest deflection 
 
The internal hysteresis was calculated for each test by 
taking the ratio of the loading area versus unloading 
area of the chest deflection versus resistive force 
graph (See Figure 9).  
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Figure 9. 

High speed testing hysteresis calculation definition 
 

The calculated hysteresis ranged from 73% to 76%; 
the HIS dummies showing slightly higher hysteresis 
(76% for both dummies) compared with the FTSS 
and DN dummies (73% for both).  However, all 
dummies were within the regulatory corridor of 69% 
to 85% (See Figure 10).   

Figure 10. 
High speed testing dummy internal hysteresis  

 
Low Speed Chest Impacts 
Dummy chest deflection, peak chest force, and 
hysteresis were examined. Similar to the high speed 
chest impacts, the HIS dummies consistently showed 
slightly lower deflection but still fell within the 
corridor of 17.4 mm to 21.8 mm, Figure 11 shows the 
chest deflection versus time for all tests.   
 

  
Figure 11. 

Low speed testing, deflection vs. time 
 
Box-and-whiskers plots were used to analyze each 
result. Again, the chest deflection of all dummies fell 
within the specified corridor.  The HIS dummies 
showed more variation, however, this is likely due to 
the fact that the test samples of the HIS data was 
collected using two dummies (5 samples of each 
dummy) compared with one dummy of the DN and 
FTSS. All tests fell within the SAE J2878 chest 
deflection and peak chest force corridors, however, 
the chest deflection for the HIS dummies was stiffer 
compared to the FTSS and DN dummies (See Figure 
12). This is as expected given the slightly lower chest 
deflections (See Figure 13).  
 

 
Figure 12. 

Low speed testing dummy chest deflection 
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Figure 13. 

Low speed testing dummy peak force during chest 
deflection interval 

 
All HIS dummy trials fell outside of the hysteresis 
corridor.  The DN and FTSS dummies generally fell 
within the corridor except for one trial of the FTSS 
dummy. (See Figure 14).   
 

 
Figure 14. 

Low speed testing dummy hysteresis 
 
Figure 15 shows the chest deflection versus chest 
resistive force from which the hysteresis is calculated 
(the worst-case sample of each dummy is shown). 
While the FTSS and DN dummies showed very 
similar response, with each dummy’s chest resistive 
force plateauing at 1,400~1,600 N for the first 10 mm 
of chest deflection; then ramping up to 1,846 N and 
1,879 N respectively until the peak deflection was 
achieved. The HIS dummies showed a slightly 
different shape where the resistive force continues to 
ramp up until the peak deflection is achieved.   The 
slightly different loading characteristic in the low 
speed chest impacts results in slightly higher 
hysteresis results for the HIS dummies.   

 
Figure 15. 

Low speed testing dummy chest deflection versus 
resistive force 

 
Controlled Sled Testing 
Chest deflection and chest acceleration was analyzed 
for all three belt positions.  
 
Nominal Belt Position: HIS had slightly lower chest 
deflections than that of the FTSS and DN dummies, 
which was consistent with the results of the chest 
impact tests. HIS dummies showed measured chest 
deflections between 17.1 mm to 18.3 mm while 
FTSS and DN both showed measured chest 
deflections of 19 mm (See Figure 16). 
 

                 
Figure 16. 

Controlled sled testing chest deflection for the 
nominal belt position 

 
The chest acceleration for the HIS dummies ranged 
from 19.5 g to 21.9 g and was comparable to the 
acceleration measured for the FTSS and DN 
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dummies, 20.8 g and 21.5 g respectively (See Figure 
17). 
 

                
Figure 17. 

Controlled sled testing chest acceleration for the 
nominal belt position 

 
Neck Collar Belt Position (Belt over the inboard 
breast): Chest deflection measurements tended to be 
lower than the nominal belt position, ranging from 
17.0 mm to 17.9 mm for the HIS dummies. Out of 
the four HIS trials, one trial was eliminated due to 
loss of data. Chest deflection also decreased for both 
FTSS and DN dummies compared to the nominal belt 
position (See Figure 18). In most cases, as the 
dummy loaded the belt, the belt tended to shift back 
to the nominal position between the breasts. 
However, in the test with the FTSS dummy the belt 
remained on the dummy breast, as opposed to 
shifting back to the nominal belt position (centered 
between the breasts), in this case the deflection was 
significantly lower compared with the HIS and DN 
dummies (See Figure 18 and 19).   Given that the 
chest deflection appeared to decrease if the shoulder 
belt remained on the breast the authors studied which 
chest jacket had greater likelihood for the belt to shift 
back to the nominal position of the belt centered 
between the breasts.  To do this the authors compared 
the time the belt began to shift back to centered 
between the breast for all three dummies, assuming 
that the earlier the belt began to shift back to nominal 
to more likely it is for the chest jacket geometry of 
the different dummies to encourage the belt to shift 
back to nominal (centered between the breasts).  The 
HIS dummy’s belt consistently began to shift back to 
nominal before the DN dummy (at least 8 msec.). 
This believed to be due to the different geometry of 

the breast jackets between the two dummies. Based 
on this limited data the HIS dummy chest jacket 
geometry tended to allow the belt to shift back to the 
nominal position more easily than the DN jacket and 
FTSS (which did not allow the belt to shift back).  
However, since only one sample of the FTSS and DN 
dummies were collected further testing is required to 
understand the potential differences caused by the 
differences in breast geometry between the three 
chest jackets in more detail.  
 

 
Figure 18. 

Controlled sled testing chest deflection for the 
nominal and neck collar belt positions 

 

 
Figure 19. 

Controlled sled testing neck collar belt position 
(video shot at 55 msec.) 

 
The chest acceleration for the HIS dummies ranged 
from 20.4 g to 22.4 g compared to 23.0 g and 22.6 g 
for FTSS and DN respectively. In general, for all 
dummy types, chest acceleration slightly increased 
for the neck collar belt position as shown in Figure 
20 and did not appear to be sensitive to if the belt 
shifted back to the nominal position as was the case 
for the chest deflection.  
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Figure 20. 

Controlled sled testing chest acceleration for the 
nominal neck collar belt positions 

 
Off-Shoulder Belt Position: Chest deflection 
measurements ranged from 16.1 mm to 18.3 mm for 
the HIS dummies. Chest deflections for FTSS and 
DN were 18.8 mm and 19.4 mm respectively (See 
Figure 21). As in the case with the neck collar belt 
position, the shoulder belt shifted back to the nominal 
belt position centered between the breast as the 
dummy began to load the belt.  When comparing the 
timing the belt shifts back to the nominal belt positon 
(off of the breast), the DN dummy shifted back to 
nominal more than 15 ms earlier than the other two 
dummies. This could potentially be why the DN 
dummy experienced an increase in chest deflection as 
compared to the nominal belt position trial. However, 
further testing is required to understand the potential 
differences caused by the differences in breast 
geometry between the three chest jackets under this 
belt position. 

  
Figure 21. 

Controlled sled testing chest deflection for the 
nominal and off-shoulder belt positions 

 

The chest acceleration for the HIS was slightly lower 
(19.4 g to 20.5 g) than the FTSS and DN (20.7 g and 
21.7 g) dummies respectively (See Figure 22) and 
again did not appear to be sensitive to the timing of 
when the belt shifted back to the nominal positon 
between the belts. 
 
 

 
Figure 22. 

Controlled sled testing chest acceleration for the 
nominal and off-shoulder belt positions 

 
CONCLUSION 
 
This study analyzed the differences in chest response 
between the HIS dummy with the harmonized chest 
jacket compared to the FTSS and DN dummies 
currently used in FMVSS 208 and the U.S. NCAP 
program.  

High Speed Chest Impacts: All three dummies met 
the regulation corridors of Part 572.34 Thorax 
impacts.  However, the HIS dummies with the 
harmonized chest jacket showed slightly lower chest 
deflections by 1-2 mm.  Additionally the chest probe 
force was also slightly higher (~125N) as well as the 
hysteresis (3% higher) for the HIS dummies 
compared with the FTSS and DN dummies.  
 
Low Speed Chest Impacts: While still falling within 
the corridor specified by SAE J2878, The HIS 
dummies showed slightly lower chest deflections 
than the DN and FTSS dummies, similar to 
differences seen during the high speed testing. As 
expected, the HIS dummies also had slightly higher 
probe peak forces than the other two types of 
dummies, but still falling within the SAE J2878 
corridor.  However, all HIS trials had higher 
hysteresis when compared to the FTSS and DN trials 
and were outside the corridor specified in SAE 
J2878.  This was a function of slight differences in 
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loading characteristics of the HIS dummies with the 
harmonized chest jacket in the low speed chest 
impacts. 
 
Controlled Sled Testing: The HIS dummies showed 
the same tendency as the chest impacts where the 
HIS trials would generally showed lower chest 
deflection regardless of belt position than the FTSS 
and DN trials. When belt was positioned over the 
inboard breast the belt tended to shift back to the 
nominal positon between the breasts for the HIS and 
DN dummies as opposed to the FTSS dummy in 
which the belt remained on the breast for the duration 
of the test which was the only case where the FTSS 
chest deflection was less than the HIS dummies.  
Furthermore in the tests of the HIS dummies the belt 
shifted back to the nominal positon between the 
breasts sooner than the DN dummy (at least 8 msec. 
earlier) or the FTSS dummy (did not shift back to the 
nominal position).  This is likely due to the 
differences in breast structure geometry and stiffness, 
however, more trials are needed since only one 
sample was conducted for the DN and FTSS 
dummies.  As with the belt positioned at the neck 
collar, the off-shoulder belt position also showed the 
tendency for the belt to shift back to the nominal belt 
position.  However, in this condition the DN dummy 
showed the shoulder belt shifting back to the nominal 
position 15 msec. earlier than the HIS and FTSS 
dummies (which showed similar timing). This 
yielded an increase in the chest deflection for the DN 
dummy compared to the nominal belt position where 
as the HIS and FTSS dummies showed deceases in 
the chest deflection compared with the nominal belt 
position. Again, this could be due to the unique breast 
structure geometry of the DN dummy but further 
trials need to be conducted to determine factors given 
only one sample was collected for the DN and FTSS 
dummies.   
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ABSTRACT  
 
A new crash mode will be introduced in the North American market  
If the existing 56kph frontal crashworthiness was one of the most important challenges for the manufacturer, 
the 90kph 15 ° inclined 35% overlap collision is an issue in the future. Major injuries that occurred during 
frontal collision were head acceleration and neck injury, while in new mode, head rotation and neck injury 
were major injuries. This is to protect passengers in actual crash mode based on actual accident investigation. 
 
In addition to the new crash mode, the use of new mode makes it difficult to satisfy passenger injuries with the 
characteristics of existing airbags. Accordingly, various tasks are being performed by the manufacturers of passive 
safety systems. Especially, the pressure and performance of PAB are very important because the THOR dummy 
located in RH side is greatly influenced by PAB performance. In this paper, we analyze the passenger Movement of 
the RH side and improve the injury through the airbag performance. The thor dummy of  the far side is of interest 
in the left-leaning collision. 
 
Plus, North America regulations must also satisfy LRD testing with the same inflator and cushion. 
In this paper, I propose improvement of airbag which can satisfy both BRIC injury and LRD performance which are 
main items of OMDB crash test. Especially, we will seek improvement through the inflator optimization and new 
concept of cushion which is the most important factor of the passenger airbag 
 

INTRODUCTION 

 
In the new collision mode, the deformable barrier moves at 90 kph on the left side, causing a collision with the 
vehicle. Existing crash mode and passenger Movement are very different. To improve this, the design concept of 
the constraint device must be changed. As a result of the existing restraint system, the passenger injury target will 
not be met. 
 
Main NCAP crash mode: 56 kph Full Frontal  90KPH OMDB  
Dummy change: HIII 5%  THOR 
Head injury: HIC, NECK  BRIC 
 

=√(max / )^2+(max / )^2+(max / )^2                                                                       (Equation 1) 
 



 

                              
  
                                        Figure 1. New Crash Mode (Vehicle&OMDB, Dummy, Sensor) 
 
CRASH and LRD REQIREMENT 
 
1) Rating method for OMDB  
1-1)  THOR 50% : HIC15 500, BRIC 0.71, Nij 0.39, Cd 37.9mm Less than full scale 
         ▶ However, it is judged that Nij 0.39 is relatively easy to obtain by increasing CRITICAL VALUE when THOR 

50% Nij calculation,  
         ▶ +Fzc : 2520N->4200N, -Fzc : 3640N->6400N, +Myc : 48Nm->88.1Nm, -Myc : 72Nm->117Nm 

▶ HIC Satisfaction value made easy 
 
Below is the result of the new collision mode actual vehicle with the existing restraint system 
 

 
 

Figure 2. Crash Test Result (References to existing papers) 
 
2) Regulation for LRD  
2-1) Based on 6 Year 
         ▶ HIC 700 / Nij 1 / Tension 1.49kN 
 
The inflator pressure must be sufficient to meet the crash test performance and it is advantageous for the pressure 
to be low to satisfy the LRD test. As a result, collision performance and LRD performance can have conflicting 
inflator pressures. 
Therefore, in North America, a dual-type inflator is generally applied and the 1st gas is used for the LRD evaluation. 
However since the 1st pressure is higher than the 2nd pressure, LRD venting technology is used because the 
inflator does not satisfy the performance.  
 
In this paper, we will develop an inflator capable of satisfying both collision performance and LRD performance, 
and introduce PAB cushioning technology which can be advantageous for collision performance 
 
As with other products, passive safety devices are also an important issue, and cost reduction and weight 
reduction are also important issues. It is also intended to prevent the application of cylinder inflator or increase in 
the number of inflator 

  



 

Analysis 

OMDB Vehicle Movement Analysis 

In the existing North American front 56kph fixed wall test, the Delta V including rebounding is about 63-
67kph Except in special cases. In the left side OMDB collision, the X-directional acceleration is about 50kph in 
Delta V at the RH side. However, lateral movement (Y direction) occurs and the vehicle moves with yawing in 
the Y direction. The characteristics of each vehicle vary, but the average of the five models is as follows. 

The travel distance in the Y direction will vary from vehicle to vehicle, the vehicle was analyzed with an 
average approach. Analysis shows that the vehicle starts to move to 60ms. In other words, it can be seen that 
the passenger in the vehicle also starts moving in the Y direction with respect to the vehicle in 60 ms. In 
addition, a movement of about 400 mm occurs until 120 ms when passenger injury ends. In summary, the 
PAB is able to improve the BRIC injury by early restraining from the start of 60 ms and by controlling the 
lateral directional Movement of the passenger for a long time up to 120 ms 

 

TABLE1.  Y Direction Movement according to time 

 

 

 

 

Figure 3. Vehicle Movement (Y Direction) 
 

Passenger Injury and Movement Analysis 

The Movement of passengers also depends on the Movement of the vehicle. Rebounding injuries are not 
taken into consideration, and injuries of passengers generally occur between 60 ms and 120 ms. At the 50ms, 
it was not easy to improve with the airbag, so the start time of the passenger injury was 60ms. This means 
that from the moment the vehicle travels in the Y direction by 50 mm in 60 ms, the airbag can limit the head 
Movement in the Y direction, thereby improving the BRIC injury. It is not easy to improve the Y-direction 
Movement in the existing airbag shape, and the volume increases in the Y direction or the X direction with 
respect to the existing airbag, and new technology is applied. 

Passenger injury characteristics in LRD test 

The results of analysis of the injury characteristics of the 5 - car model, 6 - year - old pile are as follows. In 
Head on IP mode, Neck Compression is the main cause of injury. In Chest on IP mode, Tension is the main 
cause of injury. Generally speaking, in Head on ip mode, the maximum injury time is usually 40ms before and 
Chest on IP occurs before 60ms. Since the 1st pressure characteristic and the cushion pressure are a very 
important part of the LRD performance, it is assumed that the early inflator characteristic is a key factor in 
improving the LRD performance 



 

Method 
 
In order to simultaneously improve collision response and LRD performance, the first thing we have done is 
optimizing the inflator. In order to satisfy the increased volume of the airbag cushion, optimization work was 
carried out to reduce the 1st inflation gas volume and increase the Full pressure (1st + 2nd Pressure) 

In general, at the development stage, the inflator takes a long time to improve the performance, so the 
performance is improved in the cushion and the like. However, it is necessary to optimize the performance of 
the inflator from the beginning of development of the airbag system to strengthen the performance of the 
airbag. 

First, the inflator was improved to fill the increased cushioning volume for collision response and improve the 
LRD performance as follows. It is considered that the performance effect can be improved by the simplest 
method. 

In some cases, it may be argued that using of cylinder inflator or inflator increases due to the excessive 
volume of the cushion. In this paper, we will cover the contents to improve the performance of the inflator to 
prevent the application of cylinder inflator or increase in the number of inflator. 

The 1st pressure is minimized to improve the LRD performance and to increase the Full pressure to increase 
the PAB cushion volume to improve the OMDB crash performance. In addition, we will introduce new 
cushioning technology to improve OMDB collision performance in the next section. The inflator optimization 
concept is shown in Figure 4 below. Simply put, I want to lower the 1st pressure as much as possible and the 
full pressure as much as possible. More specifically, the 1st pressure before 50 ms is lowered, and the 1st + 
2nd pressure after 60 ms is higher. 

 

 

Figure 4. Gas Volume Concept Over Time 
 

CAE Tank Test 

The CAE was carried out to find the proper value of the 1st pressure by time. New # 1 and New # 2 values 
compared to existing mass production specifications. The New # 1 specification was targeted as a test to 
lower the 50ms upstream pressure which is most sensitive to LRD performance test. New # 2 specification did 
not go into production due to a problem with the actual inflator manufacturing. Considering the 
characteristics of inflator production, we set the pressure target as # 1. 

 

Figure 5. CAE Result for Inflator Pressure 



 

LRD CAE TEST 

The pressure of 370kpa was reduced to 310kpa on the basis of 50ms, and the LRD analysis test was 
performed according to the pressure, and the improvement effect was confirmed. The LRD vent was not 
applied in the test. It is in 6-year-old Chest on IP mode. The results of the LRD analysis test with the improved 
inflator are as follows. It can be confirmed that the LRD injury is improved by the pressure reduction. 

TABLE 2. 

LRD Test Result (CAE) 

 

 

SLED CAE TEST 

Based on development experience, the maximum pressure was aimed at 600kpa. Depending on the folding of 
the cushion, etc., it is based on the history of the company being developed or the history of other companies 

- Existing inflator pressure: 450 ~ 500kpa &  100L  

- Cylinder type or additional number) : 700kpa & 150L cushion 

- Optimized inflator pressure: 600kpa & 120L cushion volume 

The CAE test applied the new technology of cushion to inflator applying 600kpa pressure. PAB is a device that 
controls the lateral movement of the dummy by placing the chamber in the direction of the inboard. We were 
able to confirm the optimal volume and function of the chamber. 

It was judged that the optimized inflator is suitable for 120L cushion and applied new technology. The main 
cushion is about 100L and the chamber is installed in the cushion to add 20L. The chamber has a vent that 
allows gas to pass through it, and it is a vent that keeps the pressure in the chamber closed when the vent is 
closed. The name was called the closed chamber. The structure is as follows. 

It is a comparative test between Figure 6 applied a 5L chamber to a 100L cushion and Figure 7 applied a 10L 
chamber to a 100L main cushion. The results show that Wz value and BRIC are improved at 20L chamber. 

 

 

Figure 6. Small Chamber      Figure 7. Big Chamber 

 



 

Closing Vent Concept 
 
The volume of the chamber increased by 20L and the test was performed by applying the new cushion 
technology.  
First, I will briefly explain the new technology of cushioning. The chamber was attached to the existing PAB 
anterior cushion. The chamber on the inboard (LH) side is about 8L and restricts the movement of the passenger 
head in the inboard direction. In order to fill the internal pressure, a vent is present to inflate the chamber, and 
after the chamber swells, the vent is closed to maintain the internal pressure. 
 
The concept of reducing the head rotation by preventing the left-ward(LH) movement of the passenger's head due 
to the high internal pressure of the chamber. There is also a 12L chamber on the outboard, which swells up 
through an open vent. It is a structure for early restraint of passengers. In some cases, 12L chamber on the 
outboard is possible to be deleted. The concept is shown in Figure 8. below. 
 

 
Figure 8. New PAB Concept 

 

Inflator optimization 
 
First, we set up 3 parameter for 1st pressure and five parameters for 1st + 2nd pressure optimization. 
The amount of 1st gas to improve LRD performance was set as a factor of 1st Propellant, booster and 
diffuser. The amount of full(1st + 2nd) Propellant to improve OMDB was 1st Propellant amount, 2nd Propellant 
amount, booster, diffuser and TTF. 
The parameter settings and levels are as follows. Noise factors are not covered in this paper, but deviations 
due to deviations between products, especially due to the characteristics of the explosives. 

 
- 1st pressure: Mixing level (1 factor 4 level, 2 factor 2 level) _ large the better characteristics) 
- Full pressure: Mixed level (1 factor 4 level, 1factor 3 level, 3 factor 2 level) _ the smaller the better 
characteristics) 

TABLE 3. 

Taguchi Method / L8 Orthogonal Array 

 



 

The test was carried out with a 60L Tank machine. The 1st pressure was 285kpa based on 50ms similar to the 
optimal value of analysis. Full pressure resulted in 600kpa based on experience As mentioned earlier . 

 

Table 4. 

1st Gas Optimized Result (Left) / 1st + 2nd Gas Optimized Result (Right) 

   

 

                                          
Figure 9. 1st Gas Graph                                          Figure 10. 1st + 2nd Gas Graph 

 
The main influencing factor is the propellant, which is remarkable compared to other factors. See Figure 
11~12 below. The final optimized graph is shown in Figure 13 
 

 
 

Figure 11. Main Effect for 1st Gas Pressure 
 
 

          
   

Figure 12. Main Effect for 1st + 2nd Gas Pressure                                  Figure 13. Final Graph 



 

LRD VEHICLE TEST RESULT 
 
LRD vents are in use by many companies. The best approach for airbags that can cause multiple 
deviations is judged to be a robust design that is insensitive to deviations. The test was conducted 
under the worst condition without applying the LRD vent, and the results were similar to those of 
the CAE evaluation. The inflator 1st pressure results were similar to the CAEl results. In the chest on 
ip mode, you can see that the tension Injury is greatly reduced, which is a test mode to demonstrate 
that the inflator pressure has been lowered. 
 

 
Figure 14. LRD Test View 

 
Table 5. 

LRD Test Result 

 
 
 
Sled Final Test Results with New Inflator and New PAB 
 
A sled test was conducted using an improved inflator and a new PAB concept. For comparison with 
existing products, chambers were applied to the cushion shape of existing products and tested. 
The collision pulse and vehicle movement of existing similar vehicles were reproduced. 
BRIC injuries start at 60ms, and after 120ms, no maximum occurred. It is possible to confirm that the 
head rotation is reduced by improving the movement of the head in the inboard direction (LH). 
The results showed that the Wx and Wz injuries were improved and BRIC injuries were improved by 
about 0.32. Wy is not improved. 
 

 
 

Figure 15. Sled Test Result Graph 



 

Table 6. 
Sled Test Result. 

  
 

.  
Figure 16. Sled Test View 

        
 
Reference. Frontal Sled Test Result 
 
New NCAP is subject to a frontal test with a 5% dummy. The difference with the existing test is that the seat track 
is moved backwards and the BRIC value is measured. The new inflator and the new cushion were applied and the 
results were as follows. 
 

Table 7. 
Sled Test Result (Frontal)  

 
 
CONCLUSIONS  
 
I tried to improve LRD performance and OMDB collision performance by optimizing important inflator 
performance which is the most basic of airbag performance. LRD performance has been found to improve 
performance without lowering the inflator pressure and without applying LRD vents. For neuronal response, the 
PAB volume is basically increased and the inflator pressure needs to be increased. It also explained the new 
cushioning technology to limit passenger's Y-axis movement and showed test results. 
It is necessary to increase the reliability of data through actual vehicle evaluation in the future, and additional tests 
for the products available by the inflator maker will be necessary. 
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ABSTRACT 

This paper documents a project to test bus collision avoidance warning systems being performed by Pierce Transit 

under the auspices of the Washington State Transit Insurance Pool (WSTIP) and the University of Washington 

under a grant from the Innovations Deserving Exploratory Analysis (IDEA) program of the Transportation Research 

Board.   Commercially available collision avoidance warning systems (CAWS) were modified and adapted by a 

vendor for use on standard transit buses and installed on 38 buses operating at eight transit agencies, including seven 

buses at Pierce Transit.  Each bus also was equipped with a cellular telematics unit and supplemental cameras with 

video recording.  Buses were operated in normal service for several months, including a three month testing and data 

collection period. The paper discusses the rationale for the project, technology to be tested, operations and data 

collection, and some of the early findings from the pilot test. 

 

INTRODUCTION TO PIERCE TRANSIT 

Pierce Transit (PT) provides public transportation 

services in the urbanized area of Pierce County, WA, 

Washington’s second largest county.  This area 

includes the City of Tacoma; and the communities of 

Edgewood, Fife, Fircrest, Gig Harbor, Lakewood, 

Milton, Puyallup, Ruston, Steilacoom, Tacoma, 

University Place; portions of Auburn and Pacific; and 

some unincorporated portions of Pierce County.   The 

service area population is 557,069.   

 

The service area, located 35 miles south of Seattle, 

provides critical connections to these employment, 

education, and commerce epicenters in the region: 

The Cities of Tacoma, Seattle and Olympia (the State 

Capitol); SeaTac International Airport; Joint Base 

Lewis-McChord; and a number of universities and 

hospitals. We also serve the Puyallup Tribe of 

Indians, providing service to the tribal healthcare 

center, youth center, a new business center, and the 

largest employment center, the Emerald Queen 

Casino.  

 

PT directly operates local fixed-route service and a 

portion of its Americans with Disabilities Act (ADA) 

complementary paratransit service, known as 

SHUTTLE.  Additional SHUTTLE service is 

operated under contract by First Transit.  The 

SHUTTLE fleet is 100 vehicles, 36 operated by PT 

and 64 by First Transit.  PT has an extensive vanpool 

program, using about 380 12- and 15-passenger vans 

and minivans.  In addition, PT, acting as a contractor 

to Sound Transit, the regional transit provider, 



Huyck 2 

 

operates fixed-route express bus service using Sound 

Transit vehicles.   

 

The fixed-route fleet is comprised of 204 vehicles of 

various types, including expansion vehicles due to 

arrive in the first quarter of 2017.  The fleet mix 

includes these buses: 30- and 40-foot compressed 

natural gas (CNG), 40-foot diesel-electric hybrid, 40-

foot diesel, and 25-foot CNG and gas-powered 

cutaway vans.  PT is the recipient of a 2016 FTA 

Low or No Emissions grant and will order our first 

electric buses in 2017.  The number of buses required 

for peak service is 119 at present.   

 

PT operates a network of 36 local fixed routes 

connecting riders to the Tacoma Dome Station, a 

multi-modal transit center with direct connections to 

the City of Seattle, SeaTac International Airport, 

Link Light Rail, Greyhound bus and the Puget Sound 

Ferry System, the largest ferry system in the U.S.  

 

Financial and operating statistics for 2015: 

Unlinked Passenger Trips:  Fixed Route 9,104,337, 

Paratransit 368,411, Vanpool 849,159. 

Revenue Hours: Fixed Route 388,736, Paratransit 

166,951, Vanpool 143,234. 

Operating Expenses:  Fixed Route $56,495,424, 

Paratransit $17,347,909, Vanpool $4,182,296. 

 

Over ten years, Pierce Transit has experienced 91 

incidents resulting in 109 injuries, and incurred $11.1 

million in claims. WSTIP data show that 94% of 

claims are attributable to collisions and sudden stops. 

Potential savings in claims for Pierce could be up to 

$1 million per year. 

 

RATIONALE FOR THE PROJECT 

The Washington State Transit Insurance Pool 

(WSTIP) is an organization providing risk 

management services to 25 public transportation 

providers in the state of Washington.  It has been 

monitoring transit industry claims for 25 years, 

insures 5,000 vehicles, and handles about 1,000 

claims per year. In this role, WSTIP is acutely aware 

of the magnitude of the problem of bus collisions and 

the ensuing losses they create.  We examined 282 

closed WSTIP member claims for spanning January 

1, 2006 - December 31, 2015 as seen in Table 1 

below.  Major findings include: 

 100% of fatalities (6 total) were 

collision-related (vehicle, pedestrian, 

and bicyclist) 

 88% of injuries (335 total) resulted 

from collisions or sudden stops 

 94% of claims ($24.9 million total) 

resulted from collisions or sudden stops 

 

WSTIP applied for, and was awarded, a grant from 

the TRB’s transit IDEA program.  Additional funding 

is being contributed by Munich RE America, a 

worldwide reinsurer, Government Entities Mutual 

(GEM), a captive reinsurance company for public 

entities throughout the United States, and Alliant 

Insurance Services, an insurance broker focused on 

public entities. 

 

TABLE 1. 

Tabulations of Washington State Transit Insurance Pool (WSTIP) Closed Claims Greater Than $10,000 by 

Type of Claim for Eight Largest Fixed Route Operators – from January 1, 2006 to December 31, 2015 - Run 

March 31, 2016. – Source: WSTIP 

 Incident

s 

Total 

Claims $ 

% of 

Total 

Claims $ 

Average  

Claim $ 

Fatalitie

s 

Injuries Fatal + 

Injured 

Collision with Other Vehicle 174 11,834,203 47 68,013 2 212 214 

Collision with Person 18 6,476,442 26 359,802 3 15 18 

Collision with Bicyclist 2 2,436,701 10 1,218,35

0 

1 0 1 

Non-Collision - Sudden Stop 30 1,645,612 7 54,854 0 38 38 

Non-Collision - 

Board/Alighting 

36 1,345,139 5 37,365 0 29 29 

Collision with Fixed Object 8 878,405 4 109,801 0 29 29 

Non-Collision – Slip/Fall/Trip 9 233,656 <1 25,962 0 8 8 

Other 5 90,232 <1 18,046 0 4 4 

Totals 282 24,940,390 100 -- 6 335 341 

 

The IDEA grant and insurance company 

contributions funded the program to install collision 

avoidance warning technology on 35 buses at seven 

participating transit agency members of WSTIP in 
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the state of Washington, and three additional buses at 

King County Metro, the major transit provider for the 

Seattle area. The project includes a comprehensive 

examination of the total costs of the most severe and 

costly types of collisions, frontal collisions and 

collisions with pedestrians and cyclists,  the potential 

for collision avoidance technology to reduce the 

frequency and severity of these types of collisions, 

and reduce the associated casualty and liability 

expenses.  

 

PROJECT OBJECTIVES 

The project was conceived with the following 

objectives in mind: 

 Create a robust demonstration pilot for 

active/collision avoidance within the State 

of Washington on a minimum of 35 transit 

buses at seven WSTIP members  

 Determine the ease of retrofit of the existing 

fleet.   

 Develop a methodology for estimating the 

full costs savings of avoided collisions for 

each agency.  

 Develop a methodology and evaluation 

process for transit operator feedback  

 Provide detailed data and understanding on 

entrance barriers to this technology (i.e. 

operational acceptance and rejection issues) 

 

In addition to the stated objectives, the project team 

was asked by the sponsor to test the effectiveness and 

accuracy of the CAWS in terms of generating false 

positive warnings and false negative warnings.  

Subsequent to the initiation of the project, the vendor 

provided an additional unanticipated set of data 

analytics for logging events per mile.  That will 

enable the team to test the hypothesis that as drivers 

gain experience with the CAWS-equipped buses, 

they may be better able to anticipate adverse driving 

conditions, which would be reflected in fewer events 

per miles logged.  

 

Pierce Transit has been operating seven (7) buses 

equipped with the Shield+ Collision Avoidance 

Warning System (CAWS). Five of the systems at 

Pierce were installed in August-September 2015 and 

the remaining two were installed in February 2016.  

A three-month data collection and reporting period 

was run from April 1, 2016 through June 30, 2016.  

During that period Pierce buses logged 52,000 miles 

with CAWS, accumulated an estimated 3,600 hours 

of video and logged an estimated 2,000 alerts and 

warnings.   

INSTALLATION AND TESTING OF 

EQUIPMENT 

The Rosco VQS4560 Mobileye Shield+ System 

provides coverage of blind zones where vulnerable 

road users (VRU’s) may be hidden from the driver’s 

view, and by alerting the driver to avoid potential 

collisions.  The system includes four cameras, one 

facing forward on the inside of the windshield, one 

covering the blind spot  created by the left front 

pillar, and one on each side at the rear of the bus to 

cover blind spots behind the driver. 

 

The Mobileye Shield+ system illuminates one of 

three indicators located on the windshield to draw the 

driver’s attention towards a potential pedestrian 

collision.  The indicator shows a yellow light if a 

pedestrian or bicyclist is calculated to be within 2.5 

seconds or less of colliding with the bus.  The 

indicator flashes red and an alarm sounds if a 

pedestrian or bicyclist are within one second or less 

of colliding with the bus.  An indicator mounted in 

the center of the windshield also provides forward 

collision warning, headway monitoring and following 

time, lane departure warning, and speed limit.  

Because buses routinely change lanes in low speed 

operation while pulling into and out of stops, the lane 

departure feature was disabled in this pilot to avoid 

unnecessary distraction for the driver.  Figure 1 

shows the indicators as they appear to the driver. 

 

  
 Figure 1.  Collision Avoidance Warning System 

Indicators. [1]

 

Systems were installed on 38 buses spanning a period 

from August 28, 2015 to March 17, 2016.  Figure 2. 

is a diagram that illustrates the locations of the 

system components on a typical bus.  Procurement of 

the collision warning systems was funded locally and 

was not part of the IDEA contract.  Consequently, 

installation was able to start in advance of the IDEA 

grant.   
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Figure 2. Installation Diagram for Collision Avoidance Warning System. [2]

 

Each system was calibrated and tested in non-revenue 

operation prior to being placed in revenue service.  

 

MONITORING AND DATA COLLECTION 

The Mobileye Shield+ system does not include video 

record/playback.  For this pilot, Rosco installs Dual-

Vision XC camera systems to record continuous 

video and Ituran telematics units to record time-

stamped events triggering the Mobileye Shield+ 

system. 

 

Once in service, each bus was continually monitored 

in real time by an Ituran telematics system which 

sends a message whenever the collision warning 

system is triggered by an event.  Each event message 

includes a specific event code, bus identification, 

heading, miles traveled, speed, and location.  

Interspersed with the event messages, the Ituran 

system monitors “G” forces along three axes which 

provides readings on speed, turning and braking 

rates.   

 

Each telematics unit communicated directly with a 

server and uploaded event data in real time.  Three of 

the 38 buses in the project, including one at PT, 

experienced communications failures due to faults in 

the telematics units and did not report data during the 

test period.  The following event data for 35 buses 

were logged from the Shield+ system:  

 Exceeded Speed Limits 

 HW (Headway Monitoring) 

 UFCW (Urban Forward Collision Warning; 

speed 0 to 19 mph) 

 FCW (Forward Collison Warning; speed > 

19 mph) 

 Mobileye Pedestrian Collision Warning 

Right (PCWR) 

 Mobileye Pedestrian Collision Warning Left 

(PCWL) 

 Mobileye Pedestrian Collision Warning Left 

Front (PCWLF) 

 Mobileye Pedestrian Collision Warning 

Forward (PCW) 

 Total Audible alerts 

 Total Audible alerts related to forward 

facing events 

 Total Visual Only - Pedestrian Detections 

resulting in yellow indicator illumination but 

no audible alerts (PDZs) 

The Ituran telematics system is capable of reporting 

vehicle/driver performance in terms of numbers of 

events per miles traveled for each vehicle.  Due to 

agency concerns about driver reactions, Shield+ 
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systems on Spokane Transit buses were set up to 

collect and transmit data via telematics only and did 

not issue warnings to drivers.  This was called 

operating in “stealth mode.” Buses operating with 

systems in stealth mode served as a baseline, or 

control group, to help determine if installing Shield+ 

systems with functioning visual and audible alerts 

and warnings, resulted in changes in driver 

performance over time.  As drivers gain experience 

with the Shield+ equipped buses, they may be better 

able to anticipate adverse driving conditions, which 

would be reflected in fewer events per miles logged.  

This hypothesis is being tested in the pilot.   

GATHER OPERATOR, STAFF, AND PUBLIC 

REACTIONS TO THE WARNING SYSTEMS 

During field testing in revenue service, it was 

determined that passengers did not interact with the 

collision warning systems.  Indicators are not very 

visible to passengers and audible warnings may not 

be distinguishable by passengers from other normal 

bus sounds such as stop requests and fare card 

validators.  On some runs, depending on conditions, 

there may be no noticeable activations.  

Consequently, it was decided not to conduct a survey 

to obtain passenger feedback, but to rely on reports 

from the drivers. 

Operator survey instruments were developed for 

administration through distribution of paper 

questionnaires and for direct entry via computer. The 

survey was administered three times, to determine if 

driver reactions would change over time.  We did not 

see a discernable pattern of change in responses over 

time.  The following numbers of responses were 

received: April – 115, May – 85, and June – 75.  

Because their Shield+ systems operated in stealth 

mode, Spokane Transit did not administer the survey 

to its drivers. 

Two of the questions that were asked of operators 

about Shield+ deserve note: 1) was it helpful, and 2) 

would they prefer to drive with it.  Overall, 37 

percent of the responses indicated that the system 

was helpful, and 63 percent indicated the system was 

distracting. Thirty three percent of the responses were 

affirmative when drivers were asked if they preferred 

to drive with it and 67 percent were negative.  

Operators were encouraged to provide comments on 

the questionnaires.  One hundred seventy eight (178) 

comments were received.   

ISSUES NOTED IN OPERATOR COMMENTS 

 False positive pedestrian Indications – 

Warnings and alerts frequently sounded 

when buses were approaching stops with 

waiting passengers or pedestrians moving on 

the sidewalks.  This appeared to be the most 

frequently cited issue. 

 False speed limit violation indications – The 

Shield+ system determines speed limits by 

recognizing speed limit signs detected by the 

front camera.  Buses merging onto freeway 

lanes frequently experienced speeding 

indications due to the system continuing to 

reference ramp speed limit signs when no 

freeway speed limit signs were seen by the 

system.  Buses passing through school zones 

also frequently experienced speeding 

indications during periods when the school 

speed limit was not in force.  

 Audio indications too loud – Many operators 

complained that the beeps emanating from 

the system were too loud.  Some complained 

that the audio indications were annoying 

because they added to the beeps generated 

by existing systems on the bus, including 

fare boxes and stop request annunciators. 

 System does not function in darkness – The 

vendor specifically stated that the system is 

intended for daylight use only.  Some 

operators may not have been made aware of 

that limitation. 

 System inoperative – Some operators 

commented that they received no alerts or 

warnings from the system during a run.  In 

some instances maintenance was required to 

restore systems to operation. 

 Pedestrian warning indications appearing in 

a direction opposed to operators’ perception 

of a pending collision – Some operators 

commented that they received a warning of 

a pending pedestrian collision on one side of 

the bus when they could see a pedestrian on 

the other side of the bus. 

 Headway warnings – Some operators 

commented that headway warnings appeared 

when they pulled in behind parked cars or 

when cars pulled into their lane. 

 Inaccurate speed limit warnings – Some 

operators commented that they received 

speed warnings that differed from the 

readings on the bus speedometer. 

VIDEO DATA SPECIFICATION AND 

CAPTURE 

Videos collected by the Rosco Dual-Vision system 

are in asd format. Rosco provided a converter to 

convert all videos in one SD card all at once from 

“.asd” to “.avi”. The final .avi files are composed of 

videos from three channels. As shown in Figure 3, 
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Channel 1 videos are taken by the front-facing 

camera; channel 2 videos are taken by the 

windshield-mounted rear-facing camera; and channel 

3 videos are split-screen images taken by the external  

rear left and right side-mounted forward-facing 

cameras.  

  

 

 
 

Figure 3. Left to Right - Images captured by Rosco Dual-Vision: Channel 1 forward-facing, Channel 2 

interior rear-facing, Channel 3 split screen left and right external side cameras. 

 

Video data is downloaded from each Dual Vision 

camera using 32GB SD cards, which are sent to UW 

for processing.  Video from each channel is 640 × 

480 pixels (width × height). One SD card can 

normally hold up to 2,799 video clips. Video clip 

duration varies from about 45 seconds to 75 seconds. 

One video clip is about 10 MB.  During the data 

collection period, 717 SD cards were processed 

capturing about 10,000 events totaling 16,600 hours 

and requiring about 19TB of storage. 

Video Processing Framework 

`UW developed a framework for automatically 

processing the front-facing videos and filtering out 

most of the frames without events. Another round of 

manual checking is conducted to further verify the 

detection results. The proposed detection framework 

excludes complex background information and 

attempts to locate the pedestrian directly. Distance 

calculation to the pedestrian is calculated in 3D real-

world coordinates. Our framework has four main 

stages: 1) pedestrian detection in onboard video, 2) 

motion estimation in image coordinates, 3) relative 

position and speed calculation in real-world 

coordinates, and 4) near-miss detection.  

 

Figure 4 illustrates the process.  In the first stage, a 

Histogram of Oriented Gradients (HOG) pedestrian 

detector is used to detect pedestrians within the 

camera vision.  In the second stage, interest points 

inside the detected rectangle representing the 

pedestrian are tracked with a Kanade-Lucas-Tomasi 

(KLT) tracker to estimate pedestrian motion in image 

coordinates.   In stage three, a camera model is used 

to find the correspondence between image 

coordinates and real-world coordinates.  The 

pedestrian’s position and speed relative to the bus are 

calculated in 3D real-world coordinates.  In stage 

four, several thresholds such as time to collision 

(TTC) are calculated to detect near-miss events 

which can be extracted from video clips. 
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estimation, and near-miss detection. 



Huyck 8 

 

 

(a) (b)

(c) (d)

 

Figure 5. Sample frames showing detected near-miss events. 

 

 

Validation 

More than 30 hours of onboard video data was used 

to test the performance of the proposed near-miss 

detection method. Figure 5 shows some sample 

frames identified as near-misses. In (a), the vehicle is 

approaching a stop sign when two pedestrians are 

crossing the street. One of the pedestrians is detected 

as having the potential to collide with the bus if no 

evasive action is taken. In (b), a pedestrian standing 

at a bus stop is detected when the bus approaches the 

stop and changes lanes. In (c), an event is detected 

when the bus approaches a non-signalized 

intersection and a pedestrian is running to cross the 

street. In (d), the system demonstrates the ability to 

detect multiple conflicts at the same time.  

 

CONCLUSIONS AND RECOMMENDATIONS 

As mentioned earlier in the section on data collection 

and monitoring, the rate of warning per 1000 miles 

was recorded for each bus.  It was therefore possible 

to compare the performance of buses that broadcast 

the warnings to drivers with buses that did not.  Table 

2 shows the comparison for each type of warning. 

 

For each type of warning, there is a discernable 

reduction in warnings per 1000 miles for the active 

fleet.  Although the data was not recorded for 

individual drivers, it appears that drivers of buses in 

the active fleet triggered fewer warnings than those 

who drive buses in “stealth mode.” 

 

It is possible that the CAWS equipped buses made 

the drivers more sensitive to conditions that triggered 

warnings, and they may have been able to anticipate 

those conditions and avoid triggering the CAWS 

indicators.  Thus the CAWS may be able to reduce 

collisions by increasing driver awareness of potential 

conditions that might lead to a crash.
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Table 2. Comparison of Control Group with Active Fleet for Warnings per 1000 miles 

  

Warning Type Warnings per 1000 miles 

 Control Group 

(2 buses 17K mi) 
Active Fleet 

(33 buses, 344K mi) 
Active Fleet Reduction 

Speed Limit 16.74 15.39 -8% 

Headway (HW) 185.84 50.31 -73% 

Forward Collision <19 

mph (UFCW) 

317.74 96.04 -25% 

Forward Collision >19 

mph (FCW) 

10.99 6.27 -43% 

Pedestrian Collision 27.67 18.00 -35% 

 

In summary, key findings from the pilot test are as 

follows: 

 None of Pierce’s CAWS equipped buses 

were involved in any collisions with 

vehicles, pedestrians or cyclists during the 

test period.    

 Telematics data provided by the vendor 

indicated that CAWS-equipped buses may 

have a positive impact on driver 

performance 

 The initial version of the CAWS received 

mixed reactions in driver surveys, but 

demonstrated a clear path for product 

improvements. 

 Based on evidence from the pilot test, 

WSTIP has committed to provide insurance 

and support for loss prevention activities for 

continued development and a full-scale 

deployment of CAWS on all Pierce Transit 

fixed-route buses. 

 

The findings from the pilot study led Pierce Transit to 

apply for a competitive research and development 

grant from the Federal Transit Administration (FTA) 

to equip all 176 of its 40 foot transit buses with 

CAWS and to run extended testing and data 

collection for a full year.  The expectation is that PT 

would be able conduct a full-year of testing, data 

collection, analysis, and evaluation during an 

estimated 4.4 million miles of revenue service for our 

entire fixed-route fleet.  PT received notice that the 

FTA awarded $1.66 million to PT for the project and 

we are currently working with our partners to 

complete and submit the necessary documents to 

initiate the work. 
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ABSTRACT 

 
In an effort to improve crash protection for drivers seated in wheelchairs, a recent study by the University of 
Michigan Transportation Research Institute (UMTRI) conducted 48-km/h frontal sled tests and computer 
simulations for midsize-male and small female anthropomorphic test devices (ATDs), seated in wheelchairs in the 
driver position of a minivan.  The tests and simulations used various seat belt configurations, including good and 
poor belt fit, and no belt restraints. The computer models that were validated using results from the sled tests were 
conducted with and without air bag deployment to investigate the potential benefits of steering wheel air bags for 
drivers seated in wheelchairs and the potential risks of being injured by deploying air bags. The results of the 
UMTRI sled tests and computer simulations showed that the deployment energy of advanced steering wheel air bags 
was not a concern with regard to causing serious injuries to drivers seated in wheelchairs. Rather, frontal steering 
wheel air bags were generally found to reduce the risk of serious injuries by preventing driver contact with the 
steering wheel and upper instrument panel that can occur when the air bag is deactivated. The results of the UMTRI 
study therefore suggest that steering wheel air bags generally enhance frontal crash protection for drivers seated in 
wheelchairs and should rarely be deactivated. 

 
To support the results of the UMTRI study, two 2015 Dodge Caravan BraunAbility EVII Conversion Vans, altered 
to accommodate drivers seated in power wheelchairs, were crash tested by conducting 48-km/h full-width frontal 
barrier tests with a Hybrid III 50th percentile male ATD seated in power wheelchairs in the driver position. In one 
crash test the frontal air bags (steering wheel and knee bolster air bags) were suppressed and in the second test both 
air bags deployed.  Wheelchairs selected met the requirements of ANSI/RESNA WC-4: Section 19 (WC19), which 
is the industry standard in the U.S. for wheelchairs used as seats in vehicles.  This standard requires wheelchairs to 
be successfully tested in a 48-km/h frontal sled test using a 4-point strap-type tiedown system to secure the occupied 
wheelchair.  However, in the vehicle crash tests, the wheelchairs were secured in the driver position by a 
commercial docking-securement device that complies with industry standard ANSI/RESNA WC-4: Section 18 
(WC18),  Wheelchair  Tiedown  and  Occupant  Restraint  Systems  for  Use  in  Motor  Vehicles.   Also,  in  both 
vehicle tests, the crash-test dummies were  restrained  by  properly positioned lap/shoulder belts  that  were 
facilitated by using  wheelchairs  with  arm supports  that are cantilevered off  the  wheelchair  back-support posts 
and  are therefore open  at the front and underneath. 

 
Results for the two vehicle crash tests were compared to assess differences in injury risk for the 50th percentile male 
ATD with and without air bag deployment based on injury assessment values (IAVs). The frontal crash performance 
of the wheelchairs and docking securement devices were also assessed. Differences in the kinematic and kinetic 
responses of the ATD are described and the results are compared to results from the UMTRI sled tests and computer 
simulations. Results for the vehicle crash tests are directionally consistent with the findings from the UMTRI study. 
The kinematics of the ATD in the vehicle crash test where the frontal steering wheel air bag deployed are more 
controlled and the deploying air bag did not cause risk of serious injury. 
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INTRODUCTION 
 
Significant improvements in frontal crash protection 
for vehicle occupants have been made over the years 
due to several factors, including Federal Motor 
Vehicle Safety Standards (FMVSS) and consumer 
information programs.  In addition, federal 
legislation, such as the Americans with Disability Act 
of 1990 and the Individuals with Disability Education 
Act of 1997 [ADA, 1990; IDEA, 1997], has 
improved access to motor-vehicle transportation for 
people with disabilities, and particularly for people 
who use wheelchairs. As a result, increased numbers 
of children and adults are now traveling in motor 
vehicles while seated in wheelchairs [Bureau of 
Transportation Statistics, 2012]. 

 
There are also data indicating that vehicle occupants 
who travel seated in wheelchairs are at significantly 
greater risk of serious-to-fatal injuries than occupants 
using the original vehicle equipment manufacturer’s 
seats and restraint systems.  For example, the 
National Highway Traffic Safety Administration’s 
(NHTSA) National Center for Statistics and Analysis 
examined data from the Consumer Product Safety 
Commission’s National Electronic Injury 
Surveillance System database and estimated that, 
between 1991 and 1995, about 2,294 injuries/deaths 
occurred to occupants seated in wheelchairs as a 
result of “improper securement” [NHTSA, 1997].  In 
a survey of 596 wheelchair users in 45 states 
conducted by researchers at the University of 
Pittsburgh, it was found that 26 percent of the 
respondents remained seated in their wheelchairs 
while driving personal vehicles, and that drivers 
seated in wheelchairs had significantly higher 
frequencies of crash involvement than wheelchair 
users who transfer to drive from the vehicle seat 
[Songer et al., 2004 and 2005; Fitzgerald and Songer, 
2007].  Also, in a convenience sample of 69 crash 
and non-crash events (e.g., sudden vehicle braking) 
involving 74 occupants seated in wheelchairs, 
including 21 drivers of personal vehicles, 24 
occupants (32 percent) sustained serious-to-fatal 
injuries, many of which occurred in moderate, minor, 
and non-crash events [Schneider et al., 2016]. 

 
While people who use wheelchairs for improved 
mobility should transfer to the vehicle seat whenever 
it is feasible and safe to do, transfer is not feasible or 
safe for a large proportion of the approximately two- 
million people in the United States who use 
wheelchairs. Upon recognizing the safety problem 
for travelers seated in wheelchairs, and that the 
dynamic crash performance requirements of FMVSS 
No. 208: Occupant protection [49 CFR 571.208] do 

not apply to wheelchairs and wheelchair securement 
systems, or to aftermarket seat belts installed by 
vehicle modifiers for use by occupants seated in 
wheelchairs, national and international industry 
standards, known as wheelchair transportation safety 
(WTS) standards, have been developed for these 
products [Schneider et al., 2008]. The latest versions 
of WTS standards in the United States are contained 
in Volume 4 of ANSI/RESNA wheelchair standards: 
Wheelchairs and Transportation [ANSI/RESNA, 
2012]. At the current time, Volume 4 includes the 
following three sections: 

 
• Section 18 (WC18): Wheelchair tiedown and 

occupant restraint systems (WTORS) for use in 
motor vehicles 

• Section 19 (WC19): Wheelchairs used as seats in 
motor vehicles 

• Section 20 (WC20): Wheelchair seating systems 
for use in motor vehicles 

 
The primary focus of these industry standards is on 
people who travel as passengers in motor vehicles. 
For example, WC19 requires that wheelchairs 
provide four easily accessible securement points for 
manual attachment of tiedown straps by an attendant 
or caregiver, and that wheelchairs are crash tested 
using a 48-km/h frontal-impact sled test for which the 
deceleration pulse must fall within a specified 
corridor that exceeds 20 g for more than 15 
milliseconds (ms). WC19 requires that this frontal- 
impact sled test is conducted with the wheelchair 
loaded by an appropriate-size anthropomorphic test 
device (ATD), or crash-test dummy, restrained by a 
lap/shoudler belt with commercially available 
wheelchair-anchored lap belt, and with the 
wheelchair secured by a four-point, strap-type 
tiedown system attached to the manufacturer- 
designated securement points.  WC19 also evaluates 
a wheelchair with regard to how well it 
accommodates (i.e., facilitates) proper lap/shoulder 
belt placement on passengers seated in the wheelchair 
by an attendant (i.e., someone other than the 
wheelchair user).  The tests and performance ratings 
of WC19 are therefore not applicable to drivers 
seated in wheelchairs for which the wheelchair is 
necessarily secured by an auto-docking securement 
device and the driver is using a lap/shoulder belt with 
vehicle-anchored lap belt that is typically pre-buckled 
(i.e., a passive belt restraint) before the wheelchair 
user moves forward into the driver station. 

 
The 2012 version of WC19 provides for crash testing 
of wheelchairs secured by an auto-docking system, 
but it does not require it.  As a result, most 
wheelchair models, and especially most powered 
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wheelchairs used by drivers, including those that 
comply with WC19, have not been crash tested in 
this securement mode. Many WTORS manufacturers 
provide wheelchair-securement adaptor hardware for 
the most popular wheelchair models so that they can 
be secured using their docking-securement system. 

 
The most common type of auto-docking securement 
system uses a single securement bolt attached to a 
wheelchair securement adaptor that is permanetly 
attached to the wheelchair frame. The securement 
bolt is located close to the ground under the 
wheelchair frame and is oriented vertically with the 
head of the bolt toward the vehicle floor. When the 
driver moves his/her wheelchair forward into 
position, the securement bolt automatically engages 
with, and is locked into, a docking device mounted to 
the vehicle floor in a location that is intended to 
position the driver to most effectively operate the 
vehicle controls. 

 
Recognizing that additional research was needed to 
address the unique situations faced by individuals 
who drive personal vehicles while seated in their 
wheelchairs, NHTSA recently funded a research 
program at the University of Michigan 
Transportation Research Institute (UMTRI) that was 
largely focused on improving occupant crash 
protection for drivers seated in wheelchairs 
[Schneider et al., 2016]. One of the key questions 
addressed in this research is the effectiveness of air 
bags in reducing and preventing injuries in frontal 
crashes versus the risk of air bag induced injuries for 
drivers seated in wheelchairs. 

 
A key motivation behind this question is the “Make 
Inoperative Exemptions” from certain FMVSS 
provided in 49 Code of Federal Regulations Part 595 
to accommodate people with disabilities [49 CFR 
595]. This exemption allows vehicle modifiers to 
deactivate air bags in personal vehicles modified for 
use by people with disabilities, and particularly for 
people who drive a personal vehicle while seated in 
their wheelchair. As a result, if vehicle modifiers 
have concerns about clients being injured by a 
deploying air bag, they may also submit a request to 
NHTSA for approval to install an air bag on/off 
switch that can deactivate the air bags. In many 
cases, these concerns may be unfounded, in which 
case air bag deactivation unnecessarily removes the 
protective benefits of air bags for drivers in 
wheelchairs during frontal crashes. 

 
Prior to investigating the tradeoffs between the 
protective benefits and injury risks for drivers in 
wheelchairs resulting from deployment of air bags in 

frontal crashes, a measurement/observation study of 
twenty-one people who drive a personal vehicle 
while sitting in their wheelchair was conducted 
[Schneider et al., 2016; van Roosmalen et al., 2013]. 
In addition to quantifying the position of drivers 
seated in wheelchairs relative to vehicle interior 
components, such as the steering wheel and knee 
bolster, the study demonstrated the importance of 
driver wheelchairs having arm supports that are 
cantilevered off of the back support posts so that they 
are open at the front and underneath. These arm 
supports allow drivers in wheelchairs to be provided 
with good seat belt positioning with the lap belt 
placed against the lower pelvic region, especially if 
used in a passive mode [Ritchie et al., 2009]. 

 
The investigation of air bag protective effects versus 
air bag induced injury risk involved conducting 48- 
km/h WC19 frontal impact sled tests with the 50th 

percentile male and 5th percentile female Hybrid III 
ATDs, and using the results of these tests to validate 
computational models of crash-test dummies 
representing wheelchair drivers configured in 
MADYMO. For both sled tests and computer 
simulations, the interior package geometry of a 2006 
Chrysler Town and Country minivan was used since 
it is a vehicle that has been commonly modified for 
use by people who drive while seated in wheelchairs. 
Because the “smart” features of today’s advanced air 
bags are typically bypassed in vehicles modified for 
use by drivers seated in wheelchairs, full 
deployments of advanced steering wheel air bags 
were used in both sled tests and computer simulations 
performed by UMTRI. 

 
Parametric computer simulations of 48-km/h frontal- 
impacts using the validated MADYMO models were 
conducted with and without air bag deployments 
using midsize male and small female ATDs seated in 
wheelchairs at representative distances (based on the 
wheelchair driver measurement study) relative to the 
steering wheel and air bag module. Simulations were 
also conducted for angled crashes in which both the 
side-curtain and steering wheel air bags deployed, 
and for ATDs positioned in close proximity (i.e., out 
of position) to the air bag module at the time of 
deployment. The ATD response measures from these 
simulations were compared with current injury 
assessment reference values (IARVs) in FMVSS No. 
208, “Occupant crash  protection,” [49 CFR 
571.208]. 

 
The results of both the UMTRI sled tests and 
computer simulations showed little basis for concern 
that fully deployed advanced steering wheel air bags 
will cause serious injury to drivers seated in 
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wheelchairs for the test conditions examined. In 
almost all of the conditions studied, the steering 
wheel air bags reduced the risk of head, neck, and 
chest injuries that can occur from contact with the 
steering wheel and other vehicle components if the 
air bag is deactivated. In angled frontal impacts, the 
driver is provided with an extra measure of protection 
by deployment of the side curtain air bag when the 
driver’s head is cushioned between the two air bags. 

 
The results of the UMTRI wheelchair-driver air bag 
study therefore suggested that steering wheel air bags 
offer tangible safety benefits for a wide range of 
drivers seated in wheelchairs. The study 
recommended that air bags are only deactivated when 
the chest or chin of a driver seated in a wheelchair is 
less than 20 cm from the air bag module during 
normal driving. As with drivers using vehicle seats, 
for steering wheel air bags to provide maximum 
benefit in frontal crashes for drivers seated in 
wheelchairs, use of a properly positioned 
lap/shoulder belt restraint is important.  In general, 
this requires that the wheelchair is equipped with 
cantilevered arm supports that allow the lap portion 
of the seat belt to slide under the arm supports into 
contact with the driver’s lower pelvic region when 
he/she moves forward into the driving position. 

 
OBJECTIVE 

 
The primary objective of the current study was to 
further investigate the results of the UMTRI study 
with regard to the potential benefits or harm of 
steering wheel air bags for drivers seated in 
wheelchairs during frontal crashes. This was 
accomplished by conducting barrier crash tests of 
modified vehicles with crash test dummies seated in 
wheelchairs. 

 
METHODS 

 
Test  Vehicles, Crash  Severity, and ATDs 
Two full-frontal vehicle crash tests  into a rigid 
barrier were conducted using the  FMVSS  No. 208 
test configuration. A new 2015 Dodge Caravan 
BraunAbility EVII Conversion Van, shown in  
Figure 1, was used in each test. The vehicles were 
adapted to accommodate a driver seated in a 
wheelchair and certified to all  applicable  Federal 
Motor Vehicle Safety Standards. Each vehicle was 
equipped with standard steering wheel and knee 
bolster air bags in addition to a retractor mounted 
seat belt pretensioner.   However, driver hand- 
control linkages for braking and accelerating that 
would typically be used by a driver seated in a 
wheelchair were not installed in these vehicles. 

The rear seat and front passenger seats were 
removed prior to the crash tests for installation of 
cameras  and  data-acquisition equipment. 

 
To be consistent with the UMTRI tests and 
simulations, both tests were conducted at 48-km/h 
instead of the regulatory impact velocity  of  56- 
km/h. Also,  both tests were conducted using the 
50th  percentile  male Hybrid III ATD. 

 

Figure 1. Dodge Caravan BraunAbility EVII 
Vehicle used  in each test 

 
 
Wheelchairs, Wheelchair Securement System, 
and  Belt Restraints 
In each test, an adult-size Q6 Edge 2.0 power 
wheelchair with Synergy seating system by 
Quantum, Inc. (shown in Figure 2) was secured by  
a QLK-150 docking securement system by 
Q’Straint, Inc. shown in Figure 3.   The QLK-150  
is compliant with WC18, formerly SAE 
Recommended Practice J2249 [Q’Straint website, 
SAE,  1999  and  UMTRI  Wheelchair 
Transportation Safety  website] and  the Q6 Edge 
2.0 wheelchair complies with WC19 [UMTRI 
Wheelchair Transportation Safety website]. 
However, while Q’Straint provides QLK-150 
wheelchair securement adaptor hardware  for the 
Q6  Edge  2.0  wheelchair,  this  wheelchair  model 
had not been previously crash tested when secured 
by this docking device per a discussion with a 
Q’Straint  representative. 

 
The ATD was positioned in the Synergy seating 
system on a 50 mm thick seat cushion with the 
buttock and back of the upper torso against the 
wheelchair  back support.   In both tests, a postural 
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lap  belt  attached  to  the  Quantum  wheelchair 
seating system was then placed around the ATD’s 
pelvic region. After the wheelchair and ATD were 
positioned in the driver station as described below, 
the ATD was restrained by the vehicle lap/shoulder 
belt for which the inboard anchorage of the belt 
assembly  was  anchored  to  the  vehicle  floor 
(instead of to the vehicle seat as the vehicle was 
originally equipped) by the  vehicle  modifier using 
an adjustable length of belt webbing material (see 
Figure 7b). Both wheelchairs were equipped with 
cantilevered arm supports to facilitate proper 
positioning of the lap/shoulder belt restraint on the 
ATD with the lap belt in contact with the lower 
pelvic region and the shoulder belt across the chest 
and  over  the  outboard  shoulder,  thereby  isolating 
the contributions of the air bags to crash protection  
or air bag induced injury in these tests. 

 

Figure 2. Quantum Q6 Edge 2.0 power 
wheelchair with cantilevered arm supports 

 

Figure 3. Q’straint QLK-150 docking-securement 
device 

 
Figure 4 shows the QLK-150 docking device 
installed on the floor in one of the vehicles. In 
addition  to  the docking-securement device, the 

system includes a front  stabilizing bracket  into 
which a forked steel bar attached to the front of the 
securement adaptor is engaged to prevent lateral 
rotation of the wheelchair about the single-point 
securement bolt during normal vehicle travel. This 
stabilizing bracket can help resist forward pitching 
and rearward rotation of the wheelchair during 
frontal crashes. 

 

Figure 4. Docking-securement device installed on 
the vehicle floor along with front stabilizing 
bracket (to the right of the docking device) 

 
As shown in Figure 5, the lower portion of each 
wheelchair was fitted with a Q’straint QLK-150 
securement adaptor with the securement bolt that 
engages, and locks into, the docking device 
mounted to the vehicle  floor. 

 

Figure 5. Bottom view of a Q6 Edge wheelchair 
showing the Q’Straint securement adaptor with 
securement bolt and forked steel bar (on right) 
that engages with the front stabilizing bracket 

 
Positioning ATD Relative to Vehicle Interior 
Components 
The docking securement device and stabilizing 
bracket were located in each vehicle so as to  
replicate the average distances of  midsize-male 
drivers from vehicle interior components from 
UMTRI’s driver-measurement study and illustrated 
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in Figure 6. Table 1 lists these recommended 
distances of the ATD to the steering wheel and 
knee bolster, which were also used in the UMTRI 
sled tests and computer  simulations. 

 
To properly locate  the  docking device,  the  ATD 
was seated in  in the wheelchair with the 
securement bolt locked in the uninstalled docking 
device. The wheelchair was then positioned to 
achieve the desired  ATD to  steering wheel and 
knee bolster distances, to the extent possible. The 
vehicle floor was then marked for bolting the 
Q’Straint  docking device in  the desired location. 

 
Figures  7a  and  7b  show  outboard  and  inboard 
views of the pre-test position and posture of the 
ATD.  While  it  was  not  possible  to  achieve  the 
exact  distances recommended by  UMTRI  because 
of differences in vehicle package geometry and  
other factors, an effort was made to achieve the 
closest match for ATD-to-steering wheel distances. 
When this was done, the left knee of the ATD was 
257 mm from the knee bolster and the right knee   
was 246 mm from the knee bolster. Thus, the 
distances from the anterior aspect of the ATD’s 
knees to the knee bolster were  about 100 mm  
greater than the distance of 155 mm recommended 
by UMTRI, while distances of the ATD to the 
steering wheel were very close to those listed in 
Table 1. 

 

Figure 6. ATD pre-test position relative to the 
steering wheel and  knee bolster 

Table 1. UMTRI Recommendation for ATD Pre-
Test  Distances to  Vehicle Components 

Measurement Distance 
(mm) 

Between the center of the steering 
wheel and the ATD’s chest (A) 

330 

Between the bottom of the steering 
wheel rim and the ATD’s abdomen (B) 

195 

Between the front of the ATD’s knees 
and the un-deployed knee restraint (C) 

155 

Diagonal distance from center of 
steering wheel to ATD’s chin (D) 

380 

Horizontal distance of center of 
steering wheel to ATD’s chin (E) 

320 

Vertical distance from center of 
steering wheel to ATD’s chin (F) 

210 

 

Figure 7a. Outboard view of ATD and wheelchair 
in  pre-test positions and posture 
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Figure 7b. Inboard view of ATD and wheelchair  
in pre-test positions and posture showing lap belt 
anchored to the vehicle  floor 

 
RESULTS 

 
Wheelchair and ATD Kinematics, Contacts, and 
Performance 
Figure 8 shows the crash deceleration pulses for the 
two tests. The peak deceleration of approximately 25 
g occurred at 50 ms in both tests. Based on review of 
the high-speed videos, it was determined that the 
steering wheel air bag deployed at approximately 12- 
to-14 ms following the onset of vehicle deceleration, 
which is consistent with the air bag deployment time 
of 12 ms used in the sled tests and computer 
simulations conducted by UMTRI.  Also, in both 
tests, the retractor mounted seat belt pretensioners 
deployed at approximately the same time as the air 
bag. In each test, the postural pelvic belt remained in 
place around the ATD’s pelvis and attachments to the 
wheelchair frame without any signs of damage. 

 
High-speed videos from several views and angles of 
each test were reviewed to examine wheelchair and 
ATD kinematics and contacts of the ATD with 
vehicle components during each test.  The 
wheelchairs were effectively secured by the QLK- 
150 docking devices in both tests with very little 
forward movement of the wheelchair base. As shown 
in Figure 9, there was no observable deformation of 
the docking device after the tests. In addition, the 
forked bracket bar from the wheelchair securement 
adaptor remained engaged with the stabilizing 
bracket throughout each test, with little observable 
bending, so there was very little forward or rearward 
rotation of the wheelchair base. 

However, in each test, the wheelchair back support 
deflected forward and stayed in contact with the back 
of the ATD’s torso that was restrained by the 
lap/shoulder belt system during frontal impact 
loading. This forward deflection of the back support 
resulted in complete failure of the back-support posts 
where they connect to the wheelchair base, as shown 
in Figure 10. A review of the high-speed videos 
shows that the posts failed just over 100 ms after the 
onset of vehicle deceleration when the back-support 
posts are at, or near, their maximum forward 
deflection.   Following this, complete separation of 
the posts occurred at the points of failure as the back 
support began to rebound and rotate rearward. 

 
As a result of these failures, the back supports 
completely detached from the wheelchair base and 
were on the floor behind the wheelchairs at the end of 
both tests, as shown in Figure 11. However, as also 
shown in Figure 11, the ATD’s torso remained in an 
upright posture at the end of each test. 

 

Figure 8. Vehicle deceleration pulses 
 

Figure 9. Post-crash photo of the docking 
securement device from the crash test with air bag 
deployment 
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Figure 10. Photo of back of wheelchair base 
showing failure points of back support posts 

 

Figure 11. Post-test photo showing wheelchair back 
support on the vehicle floor behind the wheelchair 
with the ATD torso upright 

 
ATD head excursions were measured by 
photogrammetry. The head trajectories for the two 
tests are shown and compared in Figure 12. For both 
tests, the maximum forward excursion (from the pre- 
test position) of the head center of gravity (CG) was 
measured. The maximum excursion was 429 mm in 
the test without air bags and 368 mm in the test with 
air bags. Thus, in the test with air bag deployment, 
the maximum excursion of the head’s CG was 61 
mm, or 14 percent, lower than in the test without air 
bag deployment. 

 
 
 
 
 
 
 
 
 
 
Figure 12. Trajectories of head CG with and 
without air bag deployment 

Figures 13 and 14 show the ATD’s chest contacting 
and bending the steering wheel and the head striking 
the top of the instrument panel (IP) and upper part of 
the steering wheel rim in the test without the air bag. 
Figure 15 shows the resulting contact marks on the 
upper steering wheel rim and upper IP evidenced by 
transfer of chalk on the ATD’s head and face in the 
test without air bag deployment. Figure 16 shows 
where the ATD’s abdomen contacted the lower 
steering wheel rim evidenced by transfer of chalk on 
the lower rim to the ATD clothing. 

 
As shown in Figures 17 and 18, in the test with air 
bag deployments, the steering wheel air bag 
prevented direct contact of the ATD’s chest and 
abdomen with the steering wheel and the ATD’s 
head/face with the upper steering wheel rim and 
upper IP. 

 

Figure 13. ATD in forward-most position in test 
without air bag deployment 

 

Figure 14. ATD head contacting the upper IP in test 
without air bag deployment 



Wiacek 9  

 
Figure 15. Chalk on upper steering wheel rim and 
upper IP indicating ATD head and face contact in 
the test without air bag deployment 

 

Figure 16. Chalk mark on ATD clothing showing 
where the abdomen contacted the lower steering 
wheel rim in the test without air bag deployment 

 
 

Figure 17. ATD forward-most position in the test 
with air bag deployment 

 
 

Figure 18. ATD head contact with the steering 
wheel air bag 

 
IAVs With and Without Air Bag Deployment 
Table 2 presents the injury assessment values (IAVs) 
measured by ATD instrumentation in the two crash 
tests, as well as the IARVs from FMVSS No. 208. 
Almost all IAVs measured in the test where the air 
bags deployed are 18 to 72 percent lower than for the 
test where air bag deployment was suppressed. 
Specifically, HIC15 is 72 percent lower and BrIC is 
31 percent lower when the driver’s air bag deployed, 
thereby indicating a reduced risk of serious 
head/brain injury. Chest deceleration and chest 
deflection are 24 and 18 percent lower, respectively, 
with air bag deployment due to the lack of contact 
with the steering wheel and upper IP. 

 
The sole exception to a lower IAV with air bag 
deployment is peak axial load in the right femur, 
which, as shown in Figure 19, is almost 60 percent 
higher in the test with air bag deployment. In both 
tests the peak loads for the left femur are very 
similar. For the test with the air bags suppressed, the 
peak left femur load was 3,931 N while it was 3,868 
N in the test with air bag deployment. It can also be 
noted, that the peak load in the right femur without 
air bag deployment is 5,846 N, which is higher than 
the peak left-femur loads in both tests. 
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Table 2. ATD Injury Assessment Values 
IAV IARV NHTSA 

Test 
No. 
10029 

without 
Air 

Bags 

NHTSA 
Test 

No. 
10030 
w/ Air 
Bags 

% 
Change 

HIC15 700 368 101 -  72 % 
BrIC* 1.0 0.80 0.55 - 31 % 

Nij 1.0 0.37 0.37 -- 
Chest g 

(3ms clip) 
60 58.4 44.2 - 24 % 

Chest 
Deflection 

(mm) 

63 47.5 38.9 - 18 % 

Max 
Femur 

Load (N) 

10,000 5,845 9,265 + 58 % 

*Brain Injury Criteria - Not in FMVSS No. 208 
 
 

Figure 19. ATD axial femur loads versus time 
 
DISCUSSION 

 
Steering Wheel Air Bags and Reduction of Injury 
Risk to the Upper Body 
Results of the two vehicle crash tests with and 
without air bag deployment show that a steering 
wheel air bag in conjunction with effective 
wheelchair securement and a properly positioned 
lap/shoulder belt restraint reduces the risk of upper- 
body injuries for a 50th percentile male ATD seated in 
a wheelchair compared to driver ATD with a 
deactivated air bag. The deployed steering wheel air 
bag controlled ATD kinematics, reduced the amount 
of forward head excursion, and prevented head and 
chest contact with the steering wheel and upper IP, 
thereby reducing the head, neck, and chest IAVs and 
thus the risks of head, neck, and upper torso injury in 

frontal crashes. As was found in the UMTRI study, 
there was no indication in the test with air bag 
deployment that a 50th percentile male driver seated 
in a wheelchair who is properly using a lap/shoulder 
belt will sustain any serious harm from full 
deployment of advanced steering wheel air bags in 
today’s vehicles. 

 
Results from the vehicle test in which the air bags 
deployed also compare reasonably well with the 
results from the 56-km/h New Car Assessment 
Program (NCAP) crash test of a sister 2012 Chrysler 
Town and Country van that was also equipped with a 
knee bolster air bag [NHTSA Test No. 7460] and 
tested with a 50th percentile male Hybrid III ATD in 
the driver position. In the NCAP test, the driver 
HIC15 was 236, Nij was 0.36, peak chest 
displacement was 23 mm, and chest resultant 
acceleration was 38 g. 

 
High Femur Loads for Drivers in Wheelchairs 
Of some concern in the modified-van test where both 
the steering wheel and knee bolster air bags deployed 
is the very high peak force in the right femur. 
Although the ATD’s interaction with the steering 
wheel air bag showed positive results with regard to 
reduced injury risk for the upper body, the right 
femur IAV almost exceeded the 10,000 N IARV of 
FMVSS No. 208 in the test with the deploying knee 
bolster air bag. 

 
In an effort to understand the reason for the high right 
femur load in the test with knee bolster air bag 
deployment, the structural components behind the 
knee bolster trim and air bag of both modified 
vehicles were inspected after the crash tests. The 
contact locations on the IP structure behind the knee 
bolster for the two vehicles are shown by the round 
high-contrast targets in Figures 20 and 21. 

 
In both tests, the ATD’s right knee loaded a structural 
element behind the trim, and, in the test with air bag 
deployments, behind and through the deployed knee 
bolster air bag. However, the locations of the loaded 
components are slightly different in the two tests. In 
the test in which the knee bolster air bag deployed, 
the right knee loaded a stiff bracket that did not 
deform after bottoming out the air bag.  In contrast, 
the right knee struck just to the left of this stiff 
bracket in the test without air bag deployment, 
resulting in some deformation and energy absorption, 
and thus a lower peak femur force. 
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Figure 20. Right knee contact location with 
structures behind the knee bolster indicated by 
round contrast marker for the test with knee bolster 
air bag deployment 

 

Figure 21. Right knee contact location with 
structures behind the knee bolster indicated by 
round contrast marker for the test without air bag 
deployment 

 
In addition to the high peak force in the right-femur 
in the test with knee bolster air bag deployment, the 
IAVs for the right femur are greater for both 48-km/h 
modified-vehicle tests than in the 56-km/h NCAP test 
of a 2012 Chrysler Town and Country noted above. 
In the NCAP test the right peak femur loads were 
3,450 and 3,479 N, respectively. By comparison the 
right peak femur loads were 5,848 N and 9,265 N for 
the tests without and with air bag deployment, 
respectively. Interestingly, the peak left femur loads 
for the modified vehicle tests are comparable to those 
in the NCAP test, with values of 3,931 N and 3,868 
N, respectively, without and with air bag deployment. 
The reason for the lower peak loads in the left femurs 
of the modified vehicle tests compared to the right 
femurs is not clear but is likely due to differences in 
underlying structural members in the areas struck by 
the left and right knees. 

High Lower-Torso and Knee Excursions for 
Drivers in Wheelchairs 
As noted in the methods section, it was not possible 
to achieve all of the ATD-to-vehicle-component 
distances recommended by UMTRI, given the 
different vehicle interiors and other factors of the 
modified vehicle used in these tests compared to the 
different personal vehicles in UMTRI’s driver 
measurement study. As a result, a decision was made 
to achieve ATD-to-steering wheel distances as close 
as possible to UMTRI’s recommended distances, 
which resulted in significantly larger (about 100 mm) 
distances between the ATD’s knees and the lower IP 
or knee bolster. In spite of these larger knee-to-knee 
bolster pre-crash distances, the ATD’s knees made 
forceful contact with the knee bolster or knee bolster 
air bag and, in fact, caused bottoming out of the 
latter. 

 
These high lower-torso/knee excursions for an ATD 
seated in a wheelchair are of some concern and are 
possibly due to several factors. One is that 
wheelchairs have much lower (nearly horizontal) 
seat-pan angles than original equipment driver seats, 
thereby providing less resistance to forward 
movement of the lower torso and knees. Another is 
that the power wheelchairs used in these tests have a 
spring suspension system that may increase forward 
movement of the wheelchair seat during frontal- 
impact loading. 

 
A third factor is that the lap belts in the modified 
vehicles are longer than a standard lap belt since 
wheelchairs have significantly higher seat-to-floor 
distances (than vehicle seats) and the inboard portion 
of the lap belt is anchored to the vehicle floor rather 
than the seat base (see Figure 7b). The longer seat 
belt will have a greater amount of stretch during 
frontal-impact loading and thereby be less effective 
in limiting lower-torso restraint. Finally, the pre-test 
angle of the lap belt on the inboard side of the 
wheelchair in these tests was quite steep in the 
modified-vehicle tests (> 70 degrees to the horizontal 
as shown in Figure 7b), thereby reducing lap-belt 
effectiveness in reducing forward movement of the 
pelvis. 

 
These high forward knee excursions combined with 
greater pre-impact knee-to-knee-bolster distances in 
the modified vehicle tests may result in higher 
velocities of impact of the ATD’s knees with the 
knee bolster, the knee bolster air bag, and structural 
components behind the air bag and lower IP trim. 
These high knee excursions are therefore another 
likely reason for the high peak right femur forces in 
both tests of the modified vehicles and the reason that 



Wiacek 12  

the peak forces for the left femur are comparable in 
magnitude to peak forces for the left femur in the 
NCAP test even though the modified vehicles were 
tested at a lower impact speed than the NCAP test 
(48-km/h versus 56-km/h). 

 
Back-Support Failure 
The other concern from the wheelchair-driver tests of 
modified vehicles is the complete failure and 
detachment of the wheelchair back supports in both 
tests. As previously noted, the back support rotated 
forward in both tests so that it remained in contact 
with the back of the ATD as the torso rotated forward 
during frontal-impact loading. Failure of the back- 
support posts where they connect to the wheelchair 
base occurred at, or near, peak forward back-support 
deflection.  It is therefore possible that the mass of 
the back supports could have increased the forward 
excursions of the ATD’s torso and head and thereby 
increased the IAVs somewhat, although all upper- 
body IAVs are well below the IARVs in both tests. 
Also, the effects of back-support forward deflection 
and failures would have been similar in both tests and 
the failed back-support posts are therefore thought to 
not have had an effect on the directionality of the 
IAVs (i.e., lower values with air bag deployment). 

 
The reason for the complete failures of the back 
supports in these tests when the same Synergy back 
support did not fail in several UMTRI WC19 sled 
tests of the Q6 Edge 2.0 wheelchair is not clear. 
However, securing the wheelchair using a docking 
device in the vehicle tests compared to securing 
wheelchair using a four-point, strap-type tiedown in 
the WC19 sled tests may be a contributing factor. In 
particular, the docking securement device may result 
in a higher peak deceleration of the wheelchair base, 
thereby placing higher forces on the back-support 
posts where they connect to the base. 

 
Another factor contributing to the back-support 
failures in the vehicle tests may be the difference in 
arm supports. In UMTRI’s WC19 sled tests, the 
wheelchairs were not equipped with arm supports 
that are attached to, and cantilevered off of, the back- 
support posts.  Rather, the arm supports in the 
UMTRI tests were attached to the side frame of the 
wheelchair base. In addition to the cantilevered arm 
supports adding mass to the back supports and thus 
inreasing the force causing forward deflection during 
frontal-impact loading, the arm supports attached to 
the wheelchair base in the UMTRI tests may have 
provided some interference and resistance to forward 
deflection of the back supports in the WC19 sled 
tests, thereby preventing failure of the back-support 
posts. 

 
The primary concern of back-support failure for real- 
world occupants in wheelchairs is the potential for 
driver injury during rebound from frontal-impact 
loading if the back support completely detaches from 
the base, or even if it rotates significantly rearward. 
While the ATD remained upright in the wheelchairs 
at the end of the two modified-vehicle tests, in real- 
world crashes, detachment of the back support 
increases the likelihood of the occupant moving 
rearward out of the back of the wheelchair during 
rebound or in a subsequent collision event, resulting 
in the potential for serious head and/or neck injury. 

 
Comparison of Results to UMTRI Data 
Overall, the results of the crash test where the 
steering wheel air bag deployed are consistent with 
the sled tests and simulations conducted by UMTRI 
[Schneider et al., 2016]. Table 3 provides a summary 
of the ATD IAVs in the crash tests, sled tests, and 
computer simulations. With the exception of peak 
femur loads, IAVs for the modified vehicle tests with 
and without airbag deployments are generally 
directionally consistent with IAVs from UMTRI sled 
tests and computer simulations with and without 
steering wheel air bag deployment. Specifically, for 
head injury, the deployment of the steering wheel air 
bag reduced the risk of serious head/brain injury. 
Although head forward excursion was not reported in 
the UMTRI study, ATD kinematics from screen shots 
of the computer simulations, such as that shown in 
Figure 22, and the time-sequence photos from the 
sled tests contained in the UMTRI report are also 
consistent with those in the two vehicle crash tests. 
That is, the upper torso and head are constrained 
better in the air bag deployment sled tests and 
simulations, thereby reducing peak forward head 
excursion and ATD contact with the steering wheel 
and upper IP. 

 

Figure 22. Screen shot from UMTRI computer 
simulation with properly seat belt restrained ATD 
and air bag deployment 
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Table 3. Summary of Test Results 
 

IAV 

 
Reference 

IARV 

NHTSA 
Crash Test 

Without Air 
Bags 

NHTSA 
Crash 

Test with 
Air Bags 

UMTRI Sled 
Test with Air 

Bags Deployed 
at 12-ms 

UMTRI 
Simulation 
Without Air 

Bag 

UMTRI 
Simulation with 

Air Bag Deployed 
at 12-ms 

HIC15 700 368 101 133 373 98 
BrIC* 1 0.8 0.55 - - - 

Nij 1 0.37 0.37 - 0.37 0.19 
Chest g 

(3-ms clip) 
60 58.4 44.2 - - - 

Chest 
Deflection 

(mm) 

 
63 

 
47.5 

 
38.9 

 
41.2 

 
33.2 

 
36.2 

Left Max 
Femur Load 

(N) 

 
10,000 

 
3,868 

 
3,931 

 
1,465 

 
1,353 

 
1,043 

Right Max 
Femur Load 

(N) 

 
10,000 

 
5,845 

 
9,265 

 
3,325 

 
1,109 

 
762 

*Brain Injury Criteria - Not in FMVSS No. 208 
 
As in the vehicle crash test without deployment of the 
steering wheel air bag, UMTRI’s computer 
simulations and sled tests illustrate the potential of 
the occupant impacting the steering wheel and 
making head contact with the upper IP. 

 
A Real-World Case 
Real-world data can also be used to evaluate and 
validate the safety of properly restrained drivers 
seated in wheelchairs and injury protection provided 
by steering wheel air bags. NHTSA’s Special Crash 
Investigations division conducted an onsite crash 
investigation of a 2014 Toyota Sienna Braun Ability 
AEVIT conversion van adapted for a driver seated in 
a wheelchair [SCI, 2014]. The vehicle was involved 
in a multiple event, off-the-road sequence of crashes. 

 
At the time of the crash, the vehicle was being 
operated by a 26-year-old male paraplegic driver who 
was seated in a power wheelchair of unknown 
make/model.  The driver was restrained by a 
modified 3-point lap and shoulder belt restraint 
system, and the wheelchair was secured by a 
Q’Straint QLK-150 docking system. 

 
After the driver made an avoidance maneuver in 
response to an animal in the roadway, the vehicle 
departed the road and impacted wooden beams 
of a flower bed. The vehicle proceeded to impact a 
wooden fence, then a detached garage, and finally 
struck a steel fire pit before coming to rest.  In total, 

 
the vehicle traveled 67.4 meters from its initial 
contact with the flower bed. 

 
Figure 23 shows the vehicle and front-end damage. 
According to data downloaded from the Event Data 
Recorder, the vehicle was traveling at 62-km/h when 
it impacted the wooden beams of the flower bed, 
resulting in a 13.5-km/h Delta V, or change in 
velocity. The primary frontal crash was with the 
wooden beams, which deployed the steering wheel 
air bag and both side curtain air bags, and activated 
the driver’s seat belt pretensioner. 

 

Figure 23. 2014 Toyota Sienna Braun Ability 
following multi-event off-road collisions 
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When the vehicle came to final rest, the driver 
released the wheelchair from the QLK-150 docking 
device using the available release button, and then 
deployed the side ingress/egress ramp. He operated 
the motorized wheelchair out of the vehicle and 
waited for emergency response personnel. The driver 
was later transported to a local hospital for evaluation 
where no injuries were found. 

 
Even though the crash event that deployed the air 
bags in this real-world crash was of moderate 
severity, because the wheelchair was effectively 
secured and the driver was properly restrained by a 
lap/shoulder belt, injury to the driver was avoided 
during all subsequent collisions in the sequence of 
crash events. 

 
CONCLUSIONS 

 
Two 2015 Dodge Caravan BraunAbility EVII 
conversion vans, altered to accommodate drivers 
seated in wheelchairs, were crash tested by 
conducting 48-km/h full-width frontal barrier tests 
with a 50th percentile male ATD seated in powered 
wheelchairs that were secured by WC18-compliant 
QLK-150 docking devices. In the first crash test, the 
frontal air bags were suppressed, and in the second 
test, the air bags deployed. Power wheelchairs were 
selected that met the requirements of ANSI/RESNA 
WC-4: Section 19 and for which Q’Straint, Inc. 
provides a wheelchair securement adaptor for use 
with their QLK-150 auto-docking wheelchair- 
securement system. However, the wheelchairs had 
not been previously sled-impact tested when secured 
by this docking device. 

 
The results of the crash tests were generally 
directionally consistent with the findings from the 
sled tests and computer simulations conducted by 
UMTRI. Moreover, all the upper-body IAVs from 
ATD measurements were lower in the test where the 
frontal air bags were deployed.  The only IAV that 
did not improve was the peak force in the right 
femur.  Furthermore, the kinematics of the ATD in 
the crash test where the steering wheel air bag 
deployed was more controlled, the forward excursion 
of the head was lower, and contact of the ATD’s 
torso and head with the steering wheel and upper IP 
were prevented. Additionally, the deploying air bag 
did not induce harm as measured by the IAVs.  This 
is also consistent with the UMTRI findings. 
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ABSTRACT 

 

Lane Departure Warning (LDW), Lane Centering Control (LCC) and Lane Keeping Support (LKS) are three 

advanced crash avoidance technologies intended to prevent vehicles from inadvertently running off the roadway or 

out of the lane of travel.  All three systems utilize a camera based vision system to monitor the vehicle’s forward 

position with respect to the roadway.  Depending on the level of system authority, the technology is intended to 

warn the driver that they are leaving the travel lane, continuously maintain the lateral position of the vehicle within 

the lane of travel, or redirect the lateral path of the vehicle to stay in the lane.   A real-world analysis of run-out-of-

lane crashes where at least one of the involved vehicles’ occupants sustained fatal injuries was conducted.  The 

study utilized the National Motor Vehicle Crash Causation Survey (NMVCCS) to better understand why drivers 

depart the roadway and under what conditions and circumstances the crashes occur to begin to assess the potential 

effectiveness of these countermeasures. 

 

NMVCCS was a nationally representative survey conducted by National Highway Traffic Safety Administration 

from 2005-2007. Trained researchers conducted on-scene investigations of nearly 7,000 crashes during the project, 

focusing on the pre-crash phase.  The ability to investigate the selected crashes on-scene, in most cases within 

minutes, allowed the researchers to make better assessments of the events that led up to the crash.  To evaluate the 

potential effectiveness of a vision system that monitors the position of the vehicle on the roadway, it was important 

to use a dataset that assessed the environmental and roadway conditions as soon as possible after the crash occurred.   

 

For each crash identified, a review of the accompanying investigation was conducted.  The intent was to identify 

any attributes or factors that were consistent among the cases and any environmental or roadway conditions 

that may impact the performance of a crash avoidance countermeasure, such as poor lane markings, sensor 

blindness attributable to darkness, or weather conditions.   

 

This broad study identified 72 NMVCCS cases where the subject vehicle left the travel lane and resulted in a 

crash where an occupant in an involved vehicle sustained fatal injuries.   Specifically , 43 cases were identified 

where the subject vehicle drifted out of the lane, resulted in a crash, and was relevant to assessing the real-

world applicability of LDW/LCC/LKS crash avoidance technologies.  This study found that a robust 

LKS/LCC should make it more difficult for the driver to drift out of their lane.  With sufficient lateral control  

authority, an LKS/LCC system could have effectively prevented many of the 43 cases reviewed in this study.  

In other words, unless there were other factors present which prevent the driver from reengaging in the driving 

task, a robust LKS/LCC would likely have prevented the driver from running out of the lane, which started the 

chain of events that led to the fatal crashes.  LKS/LCC appears to have more potential in crash reduction than 

LDW since the system does not rely on alert modality effectiveness or the driver tak ing corrective action.  

Lastly, environmental and roadway conditions at the time of the crash would likely not have compromised the 

performance of the vision system to detect the roadway boundary at the moment the vehicle left the lane . 
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INTRODUCTION 

 

In 2015 there were 35,092 fatalities in vehicle 

crashes on U.S. roadways, an increase from 32,744 

in 2014.  The estimated number of people injured 

on the U.S.’s roads increased in 2015, rising from 

2.34 million in 2014 to 2.44 million [NHTSA, 

2016].   This paper will address the portion of 

crashes resulting from drivers inadvertently running 

off the roadway or lane of travel.   

 

To identify the target population, pre-crash 

scenarios identified in a recent study using the 

National Automotive Sampling System (NASS) 

General Estimates System (GES) and Fatality 

Analysis Reporting System (FARS) 2011-2015 

crash databases were reviewed. [Swanson, 2017] 

That study examined all police-reported crashes 

involving a light vehicle in the critical event of the 

crash or the event that occurred which made the 

crash imminent.   Light vehicles include all 

passenger cars, vans, minivans, sport utility 

vehicles, or light pickup trucks with gross vehicle 

weight ratings less than or equal to 10,000 pounds.  

Common crash types were analyzed to produce a list 

of representative pre-crash scenarios based upon 

NASS pre-crash variables which is the pre-crash 

movement or the vehicle’s action prior to an 

impending critical event or prior to impact if the 

driver did not make any action.  From the pre-crash 

scenarios identified in the report, Table 1 lists those 

relevant to the inadvertent run-out-of-lane crash 

problem.  This approach identified, on average, over 

760,000 run-out-of-lane crashes annually, over 9,600 

of which were fatal.   

 

Table 1. 

2011 – 2015 FARS and GES Run-Out-Of-Lane 

Light Vehicle Target Population  

 

An earlier study conducted an in-depth clinical 

analysis of 111 fatal National Motor Vehicle Crash 

Causation Survey (NMVCCS) crashes, assigning the 

critical and secondary factors that led to the crash. 

[Mynatt, 2011]  The study also identified potential 

crash prevention measures at the driver, vehicle, and 

environmental levels. The results indicated that crash 

avoidance technologies including lane departure 

warning/lane keeping, electronic stability control 

(ESC), alcohol detection, and auto/assisted braking 

could have been beneficial in preventing many of the 

fatalities.  Specifically, this study found that 32% of 

the cases reviewed may have been prevented with 

Lane Departure Warning/Lane Keeping Support 

technologies.  However, this study was a high-level 

assessment of available technologies which did not 

analyze the potential effectiveness of the systems 

recommended in reducing crashes.   

 

A recent study reanalyzed the NMVCCS data to 

study unintentional lane departure crashes.  

[Cicchino, 2016] That study quantified the proportion 

of drivers involved in unintentional lane drift crashes 

who would be unable to regain control of their 

vehicles if the vehicle was equipped with a lane 

keeping crash avoidance technology.  The paper 

identified 631 crashes which represented 259,034 

crashes nationally where the driver drifted out of the 

lane independent of injury severity.  The physical 

state of the driver was characterized for these cases.  

The study found that 34 % of drivers who crashed 

because they drifted from their lanes were sleeping or 

otherwise incapacitated.  These drivers would be 

unlikely to regain full control of their vehicles if an 

active safety system prevented their initial drift.  An 

additional 13% of these drivers had a non-

incapacitating medical issue, blood alcohol 

concentration (BAC) ≥ 0.08%, or other physical 

factor that may not allow them to regain full vehicle 

control.  When crashes involved serious or fatal 

injuries, 42% of drivers who drifted were sleeping or 

otherwise incapacitated and an additional 14% were 

impacted by a non-incapacitating medical issue, BAC 

≥ 0.08%, or other physical factor.  The study raised 

potential concerns that lane keeping technologies 

may prevent unintentional lane departure crashes, but 

to be effective, strategies need to be considered in 

designing these systems to account for drivers who 

are not engaged for the reasons discussed above.  

 

Lane Departure Warning (LDW), Lane Centering 

Control (LCC) and Lane Keeping Support (LKS) are 

three advanced crash avoidance technologies 

intended to prevent the vehicle from leaving the 

travel lane unintentionally.  All three systems utilize 

a camera based vision system to monitor the 

vehicle’s forward position with respect to the 

roadway.  Depending on the level of system 

authority, the technology is intended to warn the 

driver that they are leaving the travel lane, 

continuously maintain the lateral position of the 

vehicle within the lane of travel, or redirect the 

lateral path of the vehicle to stay in the lane.   The 

vision based systems generally identify the lane 

Scenario Avg. FARS Avg. GES 

Road Edge Departure/No Maneuver 6,284 472,182 

Opposite Direction/No Maneuver 2,983 96,095 

Drifting/Same Direction 196 120,223 

Object/No Maneuver 151 80,088 

Target Population 9,615 768,588 
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markings on the roadway and monitor the position of 

the vehicle with respect to those lane markings.  

More advanced systems can identify the edge of the 

roadway as another attribute to monitor the position 

of the vehicle, including estimating the future path 

the vehicle should be following.  The effectiveness of 

these systems is dependent on not only the warning 

or steering authority, but also on being able to know 

where the vehicle should be in the lane.  Therefore, it 

is important to understand if lane markings were 

present or if there were environment factors such as 

rain or poor lighting conditions that may have 

prevented the vision system from being able to 

monitor the position of the vehicle.  For that reason, 

the cases were reviewed to not only understand the 

driver’s state, but also the environmental and 

roadway conditions at the time the vehicle left the 

roadway, which started the chain of events that led to 

the fatal crash.   

 

This paper, building on the previous studies, 

examined NMVCCS crashes where the driver 

departed the lane of travel resulting in a crash where 

an occupant in an involved vehicle sustained fatal 

injuries.  The cases were reviewed and characterized 

to better understand the potential benefits and 

limitations of crash avoidance technologies intended 

to prevent lane departure.   

 

METHODOLOGY 

  

A detailed review of real-world run-out-of-lane 

crashes was conducted where an occupant sustained 

fatal injuries in an involved vehicle using the 

NMVCCS dataset.  The review focused on coded and 

non-coded data (photographs, crash summaries, 

scene diagrams, etc.), and resulted in the 

identification of critical characteristics contributing 

to the fatal injuries in run-out-of-lane crashes.   

NMVCCS was a nationally representative survey 

conducted by the National Highway Traffic Safety 

Administration (NHTSA) from 2005 - 2007.  Trained 

researchers conducted on-scene investigations of 

nearly 7,000 crashes during the project, focusing on 

the pre-crash phase of the sequence of events.  The 

ability to investigate the selected crashes on-scene, in 

most cases within minutes, allowed the researchers to 

make better assessments of the events that led up to 

the crash.  The survey collected up to 300 data 

elements on the driver, vehicle, and environment.  

Important components of NMVCCS were based on a 

methodology originally outlined by Perchonok, 

[Perchonok, 1972] including coding of the critical 

event, critical reason, and the associated factors that 

were present at the time of the crash. 

All fatal cases from the NMVCCS dataset that met 

the following Crash Type Code were selected:  01, 

02, 04, 05, 06, 07, 09, 10, 44, 45, 46, 47, 48, 49, 50, 

51, 52, 53, 64, 65, 66, and 67 (a chart explaining the 

crash types is provided in the Appendix of this 

paper).  The intent was to capture fatal crashes 

resulting from the vehicle leaving the original travel 

lane.  The broad selection criteria included 72 fatal 

cases in the dataset.   

   

A multi-disciplinary team of NHTSA crash 

investigators, engineers, and researchers analyzed the 

72 fatal crashes identified using the previously 

discussed selection criteria.  Using a technique 

similar to Bean et al. [Bean, 2009], a detailed review 

of real-world run-out-of-lane crashes was conducted 

to better understand the crash types where an 

advanced technology intended to keep the driver in 

the lane would be applicable.   In addition, those 

cases identified were then reviewed to assess how the 

crash avoidance technologies may have prevented the 

crashes given the environmental and roadway 

characteristics and driver condition from the on-

scene investigations. 

 

For each of the cases, the following characteristics of 

the crash were noted: 

 Environment (weather/lighting) 

 Presence and condition of lane markings 

and rumble strips 

 Road curvature 

 Type of crash (head on, rollover, single 

vehicle, etc.) 

 Vehicle defects 

 Physical and cognitive state of the driver 

 

The intent was to identify any attributes or factors 

that were consistent among the cases and any 

concerns that may impact the performance of a crash 

avoidance countermeasure, such as poor condition of 

lane markings, sensor blindness attributable to 

darkness, or wet conditions.   

 

RESULTS 

 

Run-Out-Of-Lane Fatal Crash Characteristic 

As stated above, this was a broad review of crashes 

where the driver of a vehicle departed the travel lane 

and the selection criteria identified 72 fatal cases in 

the dataset (see Appendix for cases).  Overall, the 

driver drifted out of the lane and crashed in 43 of the 

72 cases (59 %). In three cases, an involved driver 

crashed while changing lanes.   There were 24 cases 

where the driver lost control of the vehicle, departed 
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the travel lane, and crashed, and two cases where the 

driver was traveling in the opposing lane of traffic 

and caused a crash.  Details of the analysis and 

finding will be presented below.   

 

Drifting Cases.  Common among 43 of the 72 

crashes was that the driver drifted out of the lane 

resulting in a crash.  When analyzing the cases, it 

appeared that the driver did not aggressively drive 

out of the lane, and therefore, a minor steering 

correction would have likely prevented the crash.  

However, from a countermeasure effectiveness 

standpoint, the team believed more system authority 

would be required when the vehicle was driving on 

curved roads.  In the context of this paper, the term 

system “authority” is used to describe the amount of 

intervention provided by a technology (magnitude 

and duration) to actively adjust the path of the 

vehicle.  System designers must carefully balance the 

benefits associated with high system authority (i.e., a 

greater ability to successfully remedy the pre-crash 

scenario that invoked the system activation) with the 

dis-benefits associated with an unintended or 

unnecessary activation (e.g., crashes resulting from a 

misinterpretation of the driving environment, 

customer complaints resulting from false positive 

events, etc.).  For that reason, the drift-out-of-lane 

cases were grouped into two high-level categories: 

crashes on straight roads and those where the driver 

was negotiating a curved road. 

  

The review indicated 17 drift-out-of-lane cases 

occurred on straight roads, and 26 on curved roads.  

In the straight road cases, the team believed only a 

minor course correction was necessary to likely 

prevent the crash.  In the 26 cases on curved roads, 

even though the driver drifted out of the lane, any 

countermeasure would have required a higher level 

of authority for the vehicle to both negotiate the 

curve and make any trajectory adjustment to stay 

within the travel lane.    Figure 1 shows the posted 

speed distribution for all 43 drift-out-of-lane cases. 

 

 
Figure 1. Drifted out-of-lane cases, post speed vs. 

frequency. 

For the cases where the road was straight, the median 

posted speed was 55 mph and where there was 

curvature the median posted speed was 45 mph.  

 

The data in Table 2 includes the side of the travel 

lane the driver departed, but this does not necessarily 

represent where the vehicle left the roadway.  For 

example, in Case No. 2007-81-007 the vehicle 

departed the lane on the left side but over-corrected, 

lost control and departed the lane and roadway on the 

right side resulting in a rollover.  In assessing cases 

such as this, the team believed that if the vehicle did 

not depart the lane on the left side, the driver likely 

would not have over-corrected, and the subsequent 

right roadside departure would not have occurred. 

 

Table 2. 

Drift-Out-of-Lane Cases Side of Lane Departure 

Curve Left Right  Total 

No 12 5 17 

Yes 12 14 26 

 24 19 43 

 

On straight roads, there were seven cases where the 

driver over-corrected after driving out of the original 

travel lane.  Of these seven cases, six resulted in 

rollover crashes.  On curved roads, 12 drivers over-

corrected, which resulted in seven rollover crashes 

(Table 3).   

 

Table 3. 

Drift-Out-of-Lane Cases Driver Over-Corrected 

Curve Over-Corrected 

No 7 

Yes 12 

 

Of the 43 drift-out-of-lane cases, there were 11 single 

vehicle crashes on straight roads and 14 on roads 

with curvature.  There were a total of 18 rollovers, 16 

frontal impacts with another vehicle, and nine frontal 

crashes with objects (Table 4).   Note that, although 

there may have been multi-impact events, the most 

severe event is listed in the table.  For example, in 

Case No. 2006-43-117, a 1994 Honda Civic was 

traveling north and a 1996 Chevrolet Lumina was 

traveling south. As the Honda rounded a curve, it 

departed the left side of the road and entered a 

downhill slope of a grass median. Once the Honda 

tripped in the median, it became airborne, struck a 

small tree, rolled, and traveled into the southbound 

lanes where it was struck by the Chevrolet. This case 

was tabulated in Table 4 below as a rollover as it was 

assessed to be the most severe event. 
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Table 4. 

Crash Type Post Run-Out-Of-Lane 

 

The analysis also included the presence of lane 

markings, their condition, and if there was a clearly 

defined road edge.  Table 5 provides a summary of 

the results.  There were only two cases where there 

were no lane markings on either side (Case Nos. 

2005-11-061and 2007-11-082).  There were only 

three cases where there were only lane markings on 

one side.  In all of these cases, markings were on the 

left side only (Case Nos.  2006-13-053, 2006-48-064 

and 2007-48-009).  Of these cases, only in Case No. 

2006-13-053 does the subject vehicle depart the road 

on the right side where there were no markings.   

 

Table 5. 

Drift-Out-of-Lane Cases Lane Markings 

 

For the cases where there were lane markings on at 

least one side of the lane, the markings were 

generally some combination of solid or dashed 

yellow or white lines, with the exception of Case No. 

2007-78-054 where the lane markings on the road 

were round yellow and white reflectors and not 

painted lines.  

 

There were six drift-out-of-lane cases (Case Nos. 

2005-78-051, 2005-78-092, 2007-08-001, 2007-78-

071, 2006-48-040 and 2006-78-073 (bold denotes 

over-corrected)) where there were rumble strips on 

the side of the lane the vehicle departed the lane of 

travel leading to the crash. In three of these cases, the 

driver of the vehicle over-corrected.   Lastly, in all 

the cases reviewed there was a clearly defined road 

edge. 

 

There were only four cases where the environmental 

conditions were wet.  Case No. 2007-48-006 

occurred on a straight road when it was daylight.  

Case Nos. 2005-02-49 and 2007-11-002 occurred on 

a curved road at night and Case No. 2006-76-18 

occurred on a curved road when it was daylight.   

 

Table 6 shows the lighting conditions in the 43 drift-

out-of-lane cases. 

 

Table 6. 

Drift-Out-of-Lane Cases Lighting Conditions 

 

Curve Light Dark Total 

No 12 5 17 

Yes 19 7 26 

 31 12 43 

 

There was only one crash, Case No. 2007-81-007, 

where a vehicle factor was believed to have 

contributed to the severity of the crash.  In this case, 

the vehicle had an underinflated front tire.  The 

driver of the vehicle crossed over the center lane of a 

two-lane undivided roadway and over-corrected and 

ran off the right side of the road.  In this case, it was 

quite possible that the underinflated front tire 

contributed to the loss of control after the driver’s 

over-correction. 

 

As Table 7 shows, alcohol was involved in 11 of the 

43 fatal cases (Case Nos. 2005-11-061, 2005-78-092, 

2006-013-002, 2006-43-067, 2005-45-046, 2006-13-

053, 2006-43-073, 2006-45-63, 2007-11-002, 2007-

48-009, and 2007-76-021).  Four occurred on straight 

roadways and seven on roads that were curved.   

 

Table 7.  

Drift-Out-of-Lane Cases Driver Factors Alcohol 

Curve Alcohol 

No 4 

Yes 7 

 

In NMVCCS, the critical pre-crash event is the action 

or event that placed the vehicle on a course such that 

the collision was unavoidable.  In other words, the 

critical event makes the crash inevitable.  NMVCCS 

coding of the critical reason, which is the immediate 

reason and the failure that led to the critical event, 

[Perchonok, 1972] also proved to be a valuable tool 

in this analysis.  Although the critical event and 

critical reason are important parts of the description 

of the crash, they do not imply the cause of the crash 

or assignment of fault.  Rather, the primary purpose 

of the variables is to enhance the description of 

events and allow analysts to better analyze similar 

events. [Toth, 2003]   The critical reason for the 

Curve 

Lane 

Markings 

Both 

Sides 

Lane 

Markings 

One Side 

Only 

No Lane 

Markings 
Total 

No 15 0 2 17 

Yes 23 3 0 26 

 38 3 2 43 

Curve Rollover 

Frontal 

Head 

On 

Frontal 

w/ Tree 

or Pole 

Frontal 

w/ 

Barrier 

Totals 

No 8 6 3 0 17 

Yes 10 10 4 2 26 

 18 16 7 2 43 
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critical event, which is typically assigned to one party 

in a crash, was attributed to driver-related factors in 

all the crashes.  Table 8 shows that “driver error 

unknown” was the most frequent critical reason with 

14.  In these cases, since the driver was typically 

killed, identifying the driver’s actions which led to 

the critical reason is difficult.    The second most 

common critical reason in these cases was driver 

over-compensation with seven.  Sleeping was the 

critical reason in four cases, and internal distraction 

and physical impairment were the critical reason in 

two cases each.  With respect to the cases identified 

where alcohol was involved, the critical reason in 

Case No. 2005-78-092 was coded as sleeping.  All 

other alcohol cases were coded as a driver 

performance issue such as aggressive driving, over-

compensation, poor directional control, etc.  

Therefore, there were 14 cases where the state of the 

driver was determined to contribute to the crash.  It 

should be noted that alcohol use is not considered a 

critical reason for the crash in the methodology used 

in NMVCCS.  

 

Lane Change Cases.  Three cases were identified 

where a lane change maneuver resulted in a fatal 

crash.  Case Nos. 2005-12-083 and 2005-79-053 

involved a non-contact vehicle leaving its travel lane 

for an unknown reason resulting in a subject vehicle 

taking an evasive maneuver prior to the crash.  In 

both cases, the coded driver related factor was 

overcompensation in response to the non-contact 

vehicle.  Case No. 2007-75-097, involved the subject 

vehicle intentionally changing lanes and 

subsequently impacting the side of a vehicle in the 

adjacent lane prior to losing control and rolling over.  

The driver related factor for the subject vehicle was 

coded as inadequate surveillance.  Given the lack of 

data, an analysis of the crash characteristics could not 

be conducted.   

 

Other Cases.  Of the 72 cases, there were 26 that did 

not involve a slow drift out of the lane leading to a 

crash event.  Generally, in these crashes the driver 

was actively controlling the vehicle but lost control, 

leading to the vehicle leaving the lane and crashing.  

For a high-level analysis (Table 9), there were 24 

cases where the reason the driver left the lane was 

because of loss of control.  In two cases the driver 

was active and engaged but drove the wrong way, 

resulting in a head-on impact with a vehicle in the 

opposing lane.  Note that these cases were included 

in the analysis for completeness.

 

 

Table 8. 

NMVCCS Coded Driver Related Factor for Drift-Out-of-Lane Cases 

 Driver Related Factor 
Curve 

Totals 
No Yes 

Driver Related Factor- Type of driver error unknown 8 6 14 

Driver Related Factor- Over-compensation 2 5 7 

Driver Related Factor- Sleeping, that is, actually asleep 1 3 4 

Driver Related Factor- Poor directional control (e.g., failing to control 

vehicle with skill ordinarily expected) 
1 3 4 

Driver Related Factor- Too fast for curve/turn 0 4 4 

Driver Related Factor- Unknown critical non-performance 1 1 2 

Driver Related Factor- Internal distraction 1 1 2 

Driver Related Factor- Heart attack or other physical impairment of the 

ability to act 
1 1 2 

Driver Related Factor- Other 2 2 4 

Totals 17 26 43 
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Table 9. 

Summary of Other Cases 

Classification Counts 

Loss of Control 24 

Active Control 2 

Total 26 

 

 For the cases classified as loss of control (Table 10), 

13 cases were attributed to driving-related factors 

such as aggressive driving, speeding, or some sort of 

performance issue.  In these cases, it was assessed 

that there were no factors external to driving 

performance that caused the driver to lose control 

given the roadway conditions.   

 

Table 10. Other Cases Factors for Loss of Control 

Cases 

 

In many of these cases, electronic stability control 

(ESC) was an applicable technology that would 

likely have mitigated these crashes had the vehicles 

been so-equipped (the vehicles involved were older 

models and not equipped with ESC).  In two cases 

the driver lost control because of reacting to an 

external factor and had to take an evasive maneuver 

resulting in a loss of control.  There were six cases 

where it appears the driver of the vehicle had a pre-

existing medical issue that likely caused the driver to 

lose control.  In these cases, the crash was generally 

not severe and it appears likely the driver died as a 

result of the medical condition, not crash injuries.   

 

Lastly, there were two cases where the vehicle was a 

factor when there was a tire failure which resulted in 

the vehicle leaving the lane, and one loss of control 

case where the reason for the loss of control was not 

clear.  A summary table of the cases and factors are 

provided in the Appendix.  The table lists factors 

assessed during the review of the cases and are not 

the NMVCCS coded critical reason for the crash.  

 

Going forward, the paper will only focus on the 43 of 

the 72 cases identified as drifting out of the lane 

crashes since these crashes appear to be most 

relevant in assessing the benefits of LDW, LCC, and 

LKS crash avoidance systems. 

 

Exemplar Cases 

 

Straight Road Drift.  Case No. 2007-74-95 occurred 

on a clear day with no adverse weather conditions 

present, on a two-lane undivided roadway, crossing a 

bridge. The roadway was level and had a posted 

speed of 60 mph. A 2000 Ford Taurus was traveling 

west and a 2000 Buick Park was traveling east.  The 

Ford crossed the centerline and struck the Buick 

head-on. The driver of the Buick died on the scene 

and the passenger died later that day. The driver of 

the Ford expired a few days later in the hospital.  

 

The lane markings were in good condition.  The 

driver of the Ford was not under the influence of 

alcohol.  The reason for the crossing over into 

oncoming traffic is unknown driver error.  The scene 

diagram and vehicle approach can be seen in Figures 

No. 2 and 3. 

 

Assessment:  The team agreed that if the vision 

system could detect the free space of the roadway 

and the clearly defined lane markings, with a minor 

steering correction to maintain its forward heading, 

the crash would likely have been avoided. 

 

 

 

   Figure 2. Case No. 2007-74-95 scene diagram. 

 

Driving 

Related 

Evasive 

Maneuver 

Pre-

Existing 

Physical 

Condition 

Vehicle 

Issue 

Un-

known 
Total 

13 2 6 2 1 24 
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Figure 3. Case No. 2007-74-95 vehicle approach. 

 

Straight Gravel Road Drift.  Case No.  2005-11-61 

involves a 2002 Lincoln Continental traveling a 

straight, level, two-way, rural gravel roadway with 

no painted lines. At the time of the crash it was dark-

unlighted and the roadway was dry. The Lincoln 

drifted and exited the roadway to the right. The front 

right of the vehicle contacted a tree. The posted 

speed was 55 mph.  The driver of the Lincoln was 

intoxicated with a 0.21 BAC.  The scene diagram and 

vehicle approach can be seen in Figures No. 4 and 5. 

 
Figure 4. Case No.  2005-11-61 scene diagram. 

 
Figure 5. Case No.  2005-11-61 vehicle approach. 

 

Assessment:  Independent of the intoxicated driver, 

the team agreed that if the vision system could detect 

the free space of the roadway and the road edge, with 

a minor steering correction to maintain its forward 

heading, the crash would likely have been avoided.  

 

Curved Road Drift.  Case No. 2007-43-88 was a 

two-vehicle fatal crash that occurred along an 

undivided two-lane, north/south S-curved road.  The 

posted speed limit was 45 mph and the conditions 

were daylight, sunny, and dry.  The subject vehicle 

was a 1995 Ford Mustang with one occupant 

traveling southbound negotiating a left curve. A 1999 

Ford F-550 medium-heavy pickup truck with one 

occupant was traveling northbound on the same 

roadway.  The Ford Mustang departed the road to the 

right with its right front and right rear tires. It then 

traveled an unknown distance while off the road to 

the right and re-entered the roadway around an area 

of road edge deterioration in a counterclockwise yaw. 

When the Ford Mustang re-entered the roadway, it 

traveled across its original travel lane, crossed the 

double-yellow lane line, and entered the oncoming 

lane where it impacted the Ford F-550, resulting in 

fatal injuries to the occupant of the Ford Mustang. 

There were no rumble strips present; however, there 

was a solid white lane marking on the right side and a 

solid double yellow line dividing the two lanes.  The 

scene diagram and vehicle approach can be seen in 

Figures 6 and 7. 

 

Assessment:  Given that the roadway had lane 

markings on both sides that were in good condition 

and the driver was not speeding for the conditions, 

the team agreed that a vision system should have 

been able to detect the lane markings, and that a 

system with active control capable of preventing lane 

departures while the vehicle was negotiating the S-

curve could have prevented the crash.  This case 

differs compared to the straight road cases discussed 

above because the system would need to have a 

greater ability to affect directional control (i.e., 
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higher intervention authority) to actively and 

effectively assist in maintaining the vehicle heading.  

In the straight road cases, only a minor correction is 

believed to have been necessary. 

 

 
Figure 6. Case No. 2007-43-88 scene diagram. 

 

 
Figure 7. Case No. 2007-43-88 vehicle approach. 

DISCUSSION 

 

A total of 72 NMVCCS cases were reviewed.  In 43 

of the cases, the driver of the subject vehicle drifted 

out of the lane resulting in a crash, and in three cases 

an involved driver crashed because of a lane change.  

The 43 cases where the driver drifted out of the lane 

are relevant to the target population where 

LDW/LKS/LCC could be beneficial in preventing 

the crash or reducing the severity.  The three lane 

changing cases could benefit from, at a minimum, a 

blind spot detection or intervention system.  This 

discussion will focus primarily on the 43 drift-out-of-

lane crashes.  Based upon the NMVCCS case 

weights, the 43 cases represent 22,477 crashes for the 

3 years of the study, or approximately 7,500 crashes 

a year. 

 

Many of the NMVCCS cases included crashes that 

LDW/LKS/LCC systems would not be expected to 

address.  In 24 cases the driver departed the travel 

lane and crashed after they lost control of the vehicle, 

and in two cases, the driver crashed while traveling 

in the opposing lane because they were intoxicated or 

attempting to pass a slower vehicle.  In these types of 

crashes, LDW/LKS/LCC would not have prevented 

the vehicle from leaving the travel lane.  For that 

reason, these cases should be excluded in any 

analysis that attempts to define a target population 

where LDW/LKS would be applicable. 

 

Any contemporary LDW/LKS/LCC crash avoidance 

system relies on at least one camera to monitor the 

roadway and lane markers.  Therefore, it is critical 

for the lane markings to be present and in good 

condition.  Beside the few exceptions discussed 

earlier, almost all of the crashes occurred where the 

lane markings were present on both sides of the 

vehicle and in good condition.  Additionally, most of 

the crashes occurred during the day.  For the crashes 

that occurred at night or when it was raining, it was 

assessed that the vision system would have likely 

been able to detect and monitor the lanes based upon 

the on-scene photos in the case files.  There were no 

indications that the lane markings detection would 

have been adversely affected because of rain present 

during low-light conditions.  This does not suggest 

sensor blindness does not happen during real world 

driving, just that it was not captured in the cases 

under review.  Therefore, to better understand their 

real-world performance, vision systems should be 

tested or evaluated with a range of diverse 

environmental conditions (e.g., in the dark, in 

situations where sun glare could wash out the image 

of the travel lane lines, etc.).   
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In many cases, it was difficult to determine why the 

driver drifted off the road.  In only 14 cases could it 

be concluded that the state of the driver was a likely 

known contributing factor in the crash. This was 

because intoxication, sleeping, distraction, or health 

related physical impairment was identified in the 

case.  However, in the rest of the cases, where the 

driver’s state was not clear, some level of inattention 

or distraction was believed to be a likely reason for 

the lane departure event. 

 

In the cases reviewed, speeding did not appear to be a 

primary factor in the crash, even though it may have 

been noted in the case file as a factor in the crash.  

However, traveling above the posted speed may have 

contributed to the severity of the crash.  For the cases 

where the road was straight, the median posted speed 

was 55 mph, and where there was curvature the 

median posted speed was 45 mph.  A prior study 

[Kusano, 2013] analyzed the pre-crash data collected 

from 256 Event Data Recorders (EDR) involved in 

real-world lane departure crashes from the 2000 

through 2011 National Automotive Sampling System 

(NASS) - Crashworthiness Data System (CDS).  

Kusano found in the NASS-CDS study that 65 % of 

drivers were traveling above the posted speed limit 

prior to the crash and that drivers were speeding 

more often on low speed limit roads.  For crashes 

occurring on straight roads, speeding was not 

expected to be a significant factor in assessing the 

benefits of LKS/LCC.  For example, in Case No. 

2005-76-035 the EDR data identified the driver was 

traveling 70 mph at the time of a crash on a straight 

road with a posted speed of 55 mph.  In this case the 

driver drifted over the center line and departed the 

road on the left resulting in a rollover.  From Figure 

8, it is reasonable assume that an LKS/LCC could 

help maintain the position of the vehicle within the 

lane even 15 mph above the posted speed. 

 
 

Figure 8. Case No. 2005-76-035 vehicle approach. 

 

In Case No. 2007-43-88 discussed earlier [Figure 6-

7] which occurred on a curved road, the vehicle was 

alleged to be traveling at 45 mph which was the 

posted speed at the time of the crash.  In reviewing 

this case there was no evidence that the driver lost 

control.  Therefore, it was assessed that within 

reason, even at the higher travel speed, an LKS/LCC 

with enough authority should have prevented the 

driver from departing the lane.  In all 43 cases 

reviewed, speeding above the posted speed was not 

deemed to be an issue for maintaining lane position 

or contributed to the driver drifting out of the lane. 

A robust LKS/LCC should reduce the variability of 

the lateral position of the vehicle within the lane and 

thus make it more difficult for the driver to drift 

within the lane, much less out of it.  Under most of 

the operating conditions present in the cases 

reviewed, an LDW/LKS/LCC would be expected to 

detect the lane and, at minimum, provide an alert 

when the driver is about to cross a lane line.  

However, with respect to the performance of 

LKS/LCC, the combination of roadway geometry 

and vehicle speed would likely play a significant role 

in the effectiveness of the system.  For that reason, 

the 43 cases were grouped into crashes that occurred 

on straight roads, and crashes that occurred on curved 

roads.  There were 17 cases that occurred on 

generally straight roads and 26 that occurred on a 

curved road.  This was done because it was believed 

that on straight roads, only a minor course adjustment 

would have been necessary to prevent the fatal crash 

resulting from the driver drifting out of their lane.  

On roads with curves, the LKS/LCC would need 

more directional authority to prevent the drift out of 

the lane.   

 

For Case No. 2005-76-035, illustrated in Figure 8, 

the LKS/LCC would have only had to provide minor 

corrections to keep the position of the vehicle within 

the lane markings.  

 

In Case No. 2007-078-071, shown in Figure 9, and 

2005-078-092, illustrated in Figure 13, the roadways 

had rumble strips.  These are interesting cases since 

rumble strips are designed to provide strong auditory 

and haptic feedback to the driver as they are being 

driven over, yet the drivers still drifted out of their 

respective lanes.  Since the feedback from rumble 

strips is expected to be more apparent than an LDW 

alert, regardless of the LDW alert modality, it is 

unlikely the presence of an LDW would have 

prevented the lane or road departures described in 

these cases.  However, because an LKS/LCC system 

does not require the driver to activate its 

interventions, and these interventions are designed to 

actively address the imminent departure, LKS/LCC 

systems may have effectively prevented the crashes 

described in these cases.  Figure 9 is a photo of the 
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approach of the subject vehicle in Case No. 2007-

078-071.  In this case the vehicle drifted off to the 

left resulting in a rollover crash.   

 

 
Figure 9. Case No. 2007-078-071 vehicle approach. 
 

Cases that involved drifting out of the lane on curved 

roads were similar to those associated with straight 

roads; however, for LKS/LCC system to be effective 

on curved roads, more lateral control authority is 

required (i.e., the system needs to correct the 

departure while also compensating for the curve 

radius).  Case No. 2005-045-118 is an example 

where the driver drifted out of the lane on the right 

(Figure 10).   

 

 
Figure 10. Case No. 2005-045-118 vehicle approach.  

 

In Cases 2006-045-063 and 2007-002-032 the driver 

drifted out of the lane on the left (Figures 11 and 12).   
 

 
Figure 11. Case No. 2006-045-063 vehicle approach. 

 
Figure 12. Case No. 2007-002-032 vehicle approach. 

 

Of the 43 cases we examined, there was almost twice 

the number of curved road cases as there were 

straight road cases.  Additionally, in the crashes 

examined, excessive speed given the posted speed 

did not appear to be a primary factor in the crashes. 

 

Active lane keeping is an essential component in 

autonomous driving; however, this study reveals 

some important considerations for using LKS/LCC 

or other automated steering systems in the real-

world.  For example, in Case No. 2005-078-092, the 

driver was coded as sleeping, drifted off a straight 

road to the left, over rumble strips, subsequently 

woke up, over-corrected and rolled the vehicle off the 

road to the right (Figure 13).   

 

 
Figure 13. Case No. 2005-078-092 vehicle approach. 

 

The conclusion that arose from this type of case is 

that a LKS/LCC would have likely prevented the 

driver from drifting off the road.    However, the 

concern is if the vehicle was equipped with an 

LKS/LCC and the driver never drifted out of the lane 

while still asleep, it is impossible to determine when 

and where the driver would have awoken and 

regained control.  If the driver remained sleeping, the 

vehicle may have driven through an intersection 

resulting in a different type of crash, or the vehicle 

may have coasted to a stop in the middle of the road.  

The same types of concern arise for any situation 
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where the driver is incapacitated due to sleeping, 

alcohol use or other physical impairment.  This is 

especially true if a longitudinal control system is also 

engaged (e.g., adaptive cruise control, or ACC).  

Therefore, as automatic steering systems become 

more sophisticated, distracted/drowsy driving/alcohol 

detection systems may [Ridella, 2015]  be required to 

address such situations in addition to bringing the 

vehicle to a stop safely if the driver cannot be 

reengaged.  These observations are also consistent 

with Cicchino, who stated designers should account 

for the large proportion of drivers who will be 

potentially shielded from an initial lane departure 

crash but who nevertheless remain unable to regain 

control of their vehicles. These drivers remain at a 

high risk of crashing if their lane-keeping assist 

systems are incapable of bringing their vehicles 

safely to a stop off the roadway. [Cicchino, 2016] 

Given the large target population of crashes this 

technology can address, an effective implementation 

strategy is critical in order realize the full safety 

benefits.  

 

CONCLUSION 

 

From a study of 72 NMVCCS cases, 43 were drift 

out of the lane type of roadway departures relevant to 

assessing the real-world applicability of 

LDW/LKS/LCC crash avoidance technologies.  The 

two high-level crash characteristics identified were 

related to the roadway geometry; there were 17 cases 

that occurred on a generally straight road and 26 on a 

curved road.  This was found to be important because 

the countermeasure for the system to maintain the 

vehicle’s path in the travel lane would be slightly 

different.  For the cases on straight roads, only a 

minor course correction would have been needed to 

maintain the vehicle’s headway and stay in the lane.  

For those cases on curved roads, an LKS/LCC would 

need more authority to not only prevent the vehicle 

from drifting out of the lane, but also navigate the 

curved path of the roadway.  

 

A robust LKS/LCC should make it more difficult for 

the driver to drift out of their lane.  With sufficient 

authority, it is believed that LKS/LCC systems could 

have effectively prevented many of the 43 cases 

reviewed in this study.  In other words, unless there 

were other factors present, a robust LKS/LCC would 

have prevented the driver from running out of the 

lane and starting the chain of events that led to the 

fatal crashes.  For that reason, LKS/LCC appears to 

have more potential in crash reduction than LDW 

since the system does not rely on alert modality 

effectiveness or for the driver to take corrective 

action. 

More research and evaluations need to be done on the 

state-of-the-art vision systems.  Specifically, there 

are research needs with respect to the performance of 

the system, but equally important research is also 

needed on how real-world drivers interact with these 

systems and how they may affect driver behavior.  

Given that many of these crashes involve drivers who 

are not actively engaged in driving at the time they 

depart the travel lane, effective strategies to reengage 

the driver need to be considered. Alternatively, the 

system needs to bring the vehicle to a stop safely in 

order to realize the full safety benefits of the 

technology. 
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Appendix 

 
Figure A1. Crash type descriptions. 
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Table A1. 

Cases By Crash Type Code (Italics - Lane Change Cases and Bold - Other Cases) 

NASSCASESTR CRASH_TYPE NASSCASESTR CRASH_TYPE NASSCASESTR CRASH_TYPE 

2005-02-049 1 2006-41-070 6 2006-78-125 50 

2005-11-061 1 2006-48-064 6 2007-48-091 50 

2005-45-118 1 2006-74-181 6 2007-76-043 50 

2005-76-026 1 2007-43-095 6 2007-76-087 50 

2006-13-053 1 2007-48-009 6 2007-76-088 50 

2006-43-073 1 2007-49-043 6 2005-45-095 51 

2006-49-144 1 2007-78-071 6 2006-04-032 51 

2006-76-016 1 2005-12-052 7 2007-02-032 51 

2007-08-001 1 2005-12-083 7 2007-09-012 51 

2007-08-018 1 2005-43-117 7 2007-74-095 51 

2007-11-082 1 2006-09-046 7 2007-78-054 51 

2007-43-111 1 2006-13-002 7 2007-78-061 51 

2007-48-006 1 2006-43-067 7 2006-76-074 52 

2007-76-021 1 2006-78-096 7 2005-12-077 64 

2006-45-063 2 2007-05-039 7 2005-78-075 64 

2006-48-074 2 2007-41-084 7 2006-45-048 64 

2006-78-073 2 2007-76-076 7 2006-49-078 64 

2007-81-007 2 2007-78-065 7 2007-11-002 64 

2007-81-066 2 2005-11-010 45 2005-79-053 65 

2005-74-026 6 2007-75-097 48 2005-12-101 66 

2005-76-035 6 2005-45-046 50 2006-06-100 66 

2005-78-051 6 2005-45-072 50 2006-12-119 66 

2005-78-092 6 2005-81-059 50 2006-45-148 66 

2005-81-053 6 2006-48-040 50 2007-43-088 66 
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Table A2. 

Summary Table Other Cases by Factors 

No. NASSCASESTR Primary Factor Secondary Factor 

1 2005-12-052 Loss of Control Driving Related 

2 2006-48-074 Loss of Control Driving Related 

3 2005-81-053 Loss of Control Driving Related 

4 2007-76-076 Loss of Control Evasive Maneuver 

5 2007-09-012 Loss of Control Driving Related 

6 2005-11-010 Loss of Control Driving Related 

7 2005-12-077 Loss of Control Pre-Existing Medical Condition 

8 2005-74-026 Loss of Control Pre-Existing Medical Condition 

9 2005-78-075 Loss of Control UNK 

10 2005-81-059 Loss of Control Pre-Existing Medical Condition 

11 2006-09-46 Loss of Control Driving Related 

12 2006-041-070 Loss of Control Pre-Existing Medical Condition 

13 2006-49-78 Loss of Control Driving Related 

14 2006-49-144 Loss of Control Driving Related 

15 2006-74-181 Loss of Control Pre-Existing Medical Condition 

16 2006-78-096 Loss of Control Tire Related 

17 2006-78-125 Loss of Control Tire Related 

18 2007-08-018 Loss of Control Pre-Existing Medical Condition 

19 2007-41-084 Loss of Control Driving Related 

20 2007-43-111 Loss of Control Driving Related 

21 2005-12-101 Loss of Control Driving Related 

22 2006-06-100 Loss of Control Evasive Maneuver 

23 2007-76-088 Active Control Passing 

24 2007-81-066 Loss of Control Driving Related 

25 2006-76-074 Active Control Traveling Wrong Direction 

26 2006-12-119 Loss of Control Driving Related 
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ABSTRACT 

This paper describes the new Technology Center 
for Vehicle Safety (TFS) at the Mercedes-Benz 
R&D location in Sindelfingen (Germany). The new 
crash test site was inaugurated in November 2016, 
replacing the former building from 1973. It is 
equipped with crash test areas, sled test facilities, 
and test rigs for component testing.  
 
In order to design the new facility, requirements 
resulting from future regulations, internal test 
modes, and rating tests were analyzed. A special 
focus was set on the simulation of real life crash 
scenarios, such as vehicle to vehicle collisions 
under different angles. Those configurations had a 
major influence on the layout.  
 
The dimensions of the building were defined by 
the maximum weight of test vehicles, the 
maximum desired speed, as well as the space 
requirements for a head-on collision with two 
moving vehicles. Therefore, the longest crash track 
measures around 245m (800ft) resulting in a 
building length of 279m (915ft). A large 90m x 
90m (295ft x 295ft) indoor area without any pillars 
supplements the crash track to provide the required 
space for multiple moving test objects.  
  
In order to get the necessary capacity of up to 900 
full scale crash tests and more than 1,700 sled tests 
per year, it was necessary to implement additional 
test tracks inside the building. The final layout 
comprises three test tracks plus the angled test area 
in a highly configurable setup. Due to the space 
restrictions in the Sindelfingen plant, the tracks 

were positioned in a way that the ground space 
needed for the building was minimized without 
compromises in the performance of the crash 
facility. The maximum width of the TFS could be 
limited to 170m (560ft), resulting in a gross story 
area of 58.260m² (627,000ft²). 
 
With the new building, the entire process from the 
test object entering the building, the preparation, 
the testing and the post processing was revised for 
highest efficiency. All steps can be done paperless 
with a high amount of automation. New three 
dimensional photogrammetric measurement 
techniques were implemented using an automatic 
laser surface scanning device while the vehicle is 
standing on a turntable. With that technology, 
deformation data from the crash can be directly 
processed in common CAE tools. 
 
With respect to future drivetrain technologies, a 
highly sophisticated fire and explosion protection 
system was developed. Alternative drivetrains may 
include lithium ion batteries and/or for instance 
hydrogen or other gas tanks. The requirement was 
to provide a safety concept enabling full scale 
crash testing with fully loaded batteries or gas 
tanks.  
 
Another field of innovation was the testing of 
higher vehicle automation systems and their 
sensing technology. The building should allow the 
assessment of interactions between active safety 
systems and new enhanced pre-crash systems, such 
as pre-deploying restraint components.  
 
For this purpose, the TFS will allow fully 
programmable vehicle motion inside the crash hall. 
Specifically, the vehicle can move without a 
towing cable. With that technology, the test lab is 
designed to conduct full scale vehicle testing 
including the assessment of future crash 
avoidance/mitigation systems. 
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RESEARCH QUESTION / OBJECTIVES 

Mercedes-Benz has a long tradition in vehicle 
safety development. The first crash test in the 
history of Mercedes-Benz took place on September 
10, 1959, on open ground close to the plant in 
Sindelfingen, with a test car being driven head-on 
into a solid obstacle, figure 1. 

 

figure 1: In the late 1950s, vehicle crash testing was 
conducted using a rocket propelled by hot steam 
[Daimler archive] 

This opened a new chapter in safety research at 
Mercedes-Benz. It made it possible to study the 
crash behavior of vehicles and its occupants under 
realistic conditions using test cars and dummies. 

 figure 2: The first indoor crash test facility in 
Sindelfingen opened in 1973 [Daimler archive] 

Already then, the company's crash tests exceeded 
the legally required tests in amount and 
complexity. The current development program for 
new ready-to-produce models comprises around 
15,000 realistic crash test simulations and roughly 
150 crash tests.  These include not just the 
approximately 40 different impact configurations 

required for ratings and worldwide vehicle 
homologation, but also special crash tests such as 
the roof-drop test that are additionally carried out. 
The thorough crash testing regime at Mercedes-
Benz covers not just cars, but also vans, heavy-
duty commercial vehicles and buses.  

 

figure 3: 1980: S-Class W126 in a full frontal crash 
test in the Sindelfingen crash test facility [Daimler 
archive] 

In1998, the crash test facility was revised and 
equipped with the latest measurement technology, 
introducing newly available digital camera 
systems.  

figure 4: 1998-2016: Crash testing in the improved 
crash test facility [Daimler archive] 

However, only approximately ten years after the 
revision, it became obvious that further 
improvements would be necessary to prepare for 
upcoming demands. Vehicle to vehicle testing 
started to get more and more relevant to study 
realistic accident scenarios. The layout of the 1973 
crash hall did not take into account the additional 
space requirements for angular testing, for 
instance. In addition to that, the Mercedes-Benz 
product portfolio increased dramatically, requiring 
a higher number of crash test. That was the time 
when the idea of a new test center was born, giving 
the opportunity to rethink the entire process chain 
from preparing the vehicle up the conducting and 
post processing tests.  
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figure 5: A vehicle has to withstand multiple test modes 
[Daimler] 

The main objective was to design a new crash test 
facility that would be able to cope with the 
demands of future ground vehicle testing, 
including possible interactions between active and 
passive safety systems. The layout of the new site 
had to be suitable for the next couple of decades. 
Therefore, many aspects from current testing 
requirements up to new future regulations had to 
be taken into account.  

PLANNING THE TECHNOLOGY CENTER 

After it was clear that the complexity of this 
project was too high to be managed by only one 
external company, a project management team was 
implemented. Daimler took the lead, supported by 
numerous external companies. Two major 
suppliers were chosen, one for the building and the 
other for the main technical testing equipment. The 
project team consisted of around 500 people. 

figure 6: Start of construction, April 2014 

 

The building planning included the following 
phases: 

1. First draft layout 
2. Competition for the architecture 
3. Improvement of the concepts 

4. Technical Specifications /  
Innovations for Testing 
Technology inside the building 

5. Conzept freeze 
6. Detailed planning 
7. Setup of the building and the test 

facilites  
8. Start of testing 

In order to design the new test facility, 
requirements resulting from future regulations, 
internal test modes, and rating tests were analyzed. 
The goal was to create a test facility that can 
simulate realistic accident scenarios in addition to 
standardized testing.  

THE INTEGRAL SAFETY CONCEPT  

The Integral Safety Concept from Mercedes-Benz 
describes safety as part of four phases, figure 7. 
The new test facility was designed in a way that all 
phases of the Integral Safety Concept can be tested 
inside the building. This means that accident 
scenarios can be reproduced in a very realistic 
way. 

figure 7: The Integral Safety Concept [Daimler] 

Phase 1 “safe driving”: Providing a safe driving 
environment helps to reduce the risk to get into an 
accident. Systems under this category include, for 
instance, enhanced lighting systems, drowsiness 
detection technology that is able to alert the driver 
before his or her state gets critical, and comfort 
features of advanced driver assistance systems 
(ADAS). As a prerequisite for driving a vehicle 
inside the crash hall, sufficient space was 
necessary. To achieve this, the open space for 
angular crash testing was equipped with a highly 
flexible on-floor propulsion system for crash tests 
that will only be mounted temporarily when 
needed. If it is not needed, the perfectly flat 
surface can be used for driving tests. Furthermore, 
the friction coefficient and the surface 
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characteristics were tailored to normal conditions 
on typical roads.  

Phase 2 “in a critical situation”: When a critical 
situation occurs, the vehicle systems can warn the 
driver to react, for instance with a forward 
collision warning. If the driver reacts, the vehicle 
can assist and even prepare for a possible crash 
with PRE-SAFE® measures, such as activating the 
reversible electrical pretensioners of the motorized 
seat belts. If the driver fails to react, certain crash 
preventions systems can mitigate or even avoid the 
crash. The new facility is prepared to assess the 
performance of pre-crash restraint systems while 
the vehicle performs an autonomous emergency 
braking (AEB) or an evasive maneuver.  

Phase 3 “during a crash”: The classical field of 
passive safety deals with reducing the 
consequences of a crash, mainly for the occupant. 
For that purpose, the new TFS is equipped with 
- a sled test area with four sled test facilities 
- four main tracks for indoor crash testing 
- angular track: a wide indoor area for multiple 
purposes, including vehicle to vehicle tests under 
adjustable angles 

Further detail will be discussed in a later section of 
this paper. 

Phase 4 “after a crash”: The time directly after a 
crash is valuable for the occupant as well. Post-
crash measures such as automatic emergency call 
and other systems can also be tested inside the 
facility. For specific market requirements, a fully 
operable foreign cell phone network can be 
temporarily installed under supervision of the 
appropriate authorities. Systems in this category 
can also activate the hazard warning lights, 
ventilate the interior, and even provide the rescue 
teams with important information about the vehicle 
systems.  

CRASH TEST AREA 

Crash testing is the main purpose of the new 
Technology Center for Vehicle Safety. The 
flexible and efficient crash facility concept in the 
new building not only allows for classic crash 
tests, but also provides the opportunity for 
completely new test configurations: vehicle-to-
vehicle (Car2Car) collisions from all angles, the 
evaluation of PRE-SAFE® features, automated 
driving maneuvers with a subsequent crash, and 
even crash tests with heavy duty trucks and buses. 

All in all, around 70 different crash test 
configurations are possible.  

The crash area consists of four main tracks and the 
angular track, which was built as a huge 
unobstructed open space inside the hall without 
any pillars to serve for vehicle-to-vehicle crash 
testing under adjustable angles.  

figure 8: Layout plan [Daimler] 

The technology center for vehicle safety provides 
sufficient space and many innovations for future 
requirements.  

 
figure 9: crash track [Daimler] 

The new facility allows for parallel testing on up to 
five tracks with a wide variety of test modes, 
including for instance:  

- standard crash configurations (frontal, 
lateral/pole, rear impact) 

- NHTSA obligue and equivalent 
- Euro NCAP 2020 test configurations 
- Rollover (new: using an embarkment ramp 

for ERA Glonas testing)  
- heavy duty truck and bus testing on a rigid 

barrier or on a newly designed trailer 
barrier 

- car2Car impact configurations with 
vehicles moving at different speeds and a 
fully configurable impact angle. The bullit 
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car typically starts in the large open space 
area, whereas the target starts on track 1  

- special test modes for future vehicle 
concepts/alternative propulsion vehicles 

- new test configurations to assess the 
safety benefit of future safety innovations 

 

figure 10: examples for test configurations 

There are five crash blocks, one of which is 
flexibly movable using an electric built-in 
drivetrain and another one that can be rotated 
around its vertical axis. For efficient operation, 
these two crash blocks are preconfigured with a 
different barrier on each of the four sides. 
Preprogrammed automated positioning of the new 
LED-lighting systems and new high speed cameras 
also make testing more efficient than before. 
Approximately 900 crash tests can be carried out 
each year, thanks to the new operating concept and 
the flexible system layout.  

SUPPORTING SERVICES 

All service areas are located around the test tracks 
in order to support efficient and safe testing.  

Services include 
- anthropomorphic test device certification area 
- automated 3D-measuring rigs 
- workshop areas 
- emergency response equipment 
- office space 

The dummy laboratory is prepared to certify all 
types of anthropomorphic test devices, including 
the new THOR dummy. Modern In-Dummy 
measurement equipment is used for more efficient 
processes. The staff of the dummy laboratory is 
also responsible for the final positioning inside the 
crash vehicle. 

figure 11: dummy family [Daimler] 

Depending on the crash mode and the nature of the 
test, different types of 3D-measurement tools are 
available. Figure 12 shows a spot measurement rig. 
For larger surface scans, the object can be mounted 
on a turntable and be scanned automatically using 
a laser tracker device. 

 
figure 12: 3D spot measurement [Daimler] 

The dimensions and location of the workshop areas 
were defined to serve the pre- and the post 
processing needs for the necessary amount of tests. 
Once again, to reduce the necessary ground space, 
the workshop was planned on different levels 
inside the building. Each vehicle follows a defined 
routine before a crash can be conducted.  

The new facility is prepared for all kinds of future 
drivetrains. Consequently, new hazards may arise 
from vehicles with new battery technology, 
hydrogen or other gas tanks, and of course gas and 
diesel fuel. A lot of innovations were necessary to 
get official approval for those kind of tests from 
the appropriate authorities 

Special emergency response equipment was 
developed to allow for efficient and safe testing. 
For instance, a special robot can be used to 
measure the concentration of certain gases if 
necessary, figure 13. The robot can also be 
equipped with a infrared camera. 
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figure 13: exploration robot  

Here is a list of measures to ensure safe testing: 

- Conventional fire extinguisher at every 
crash location 

- CO2 extinguishing systems at every crash 
location 

- Smoke extraction flaps 
- Gate and door concept for fire and 

explosion protection 
- Depressurization openings for explosion 

protection in combination with a highly 
pressure-resistant building structure 

- Jet nozzles at exposed crash points for 
extreme air mixtures to inhibit the 
formation of explosive mixtures of 
gasoline, hydrogen, etc. 

- Remote-controlled measurement robots 
for safe detection of possible hazards 

- Tailored telescopic Manitou loader for 
removing damaged cars 

- Water basins for damaged vehicles 
containing Li-ion batteries  

- High-voltage garages for safe, supervised 
storage of HV crash vehicles after crash 
testing 

Further precautions include special handling and 
storage procedures for vehicles with fully loaded 
energy capacities. For that purpose, separate 
individual storage areas are included with direct 
access for fire response services from the outside 
of the building. 

SLED TEST AREA 

Four sled test facilities are situated in the TFS. The 
combination sled comprises two sleds which are 
used for acceleration testing (typical application: 
Whiplash testing) or component testing (typical 
application: destroying tests). The hydraulic crash 
sled is made for higher pulses such as in a severe 

frontal impact. The hydro brake is permanently 
installed on a crash track. However, it can be 
removed if further capacity for full scale vehicle 
testing is needed. 

figure 14: sled test facilites 

Figure 15 illustrates in a qualitative diagram the 
use cases for the different sled test facilites. 

figure 15: acceleration sled tests 

DISCUSSION AND LIMITATIONS 

Active and passive safety testing can only simulate 
specific scenarios that are most common in the 
field. In the new test facility, realistic driving 
maneuvers can be conducted as well as complex 
crash configurations. However, accident research 
will continue to be an important part of the 
development to reach our goal of reducing the 
number of traffic related fatalities and injuries. 
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OUTLOOK 

The TFS is prepared for fully programmable 
longitudinal and lateral vehicle motion inside the 
crash hall.  

figure 16: prepared for vehicle motion without a 
towing cable system 

Specifically, the car can be moved without a towing 
cable by operating the vehicle systems including 
steering, braking, and gas with an external 
controller. For that application, a special laser 
tracking device was installed to enable the vehicle 
to detect its position inside the facility. The idea is 
to be able to replicate even critical driving maneuvers 
with severe under- or oversteering before the 
collision.  

With that technology, the test lab is designed to 
conduct full scale vehicle testing including the 
assessment of future crash avoidance/mitigation 
systems. 

HIGHLIGHTS - TOP 10  

This sections summarizes some of the most important 
highlights of the Mercedes-Benz Technology Center 
of Vehicle Safety in Sindelfingen. 

- Highly flexible and efficient crash track 
concept 

- Independent and simultaneous operation of 
all test tracks 

- Unobstructed 90m x 90m area to enable 
testing of pre-crash scenarios 

- Movable impact block for variable 
positioning 

- Fully automated LED crash test illumination 
system 

- 3D-measurement on turntable platforms for 
laser scanning 

- Sled test facility with four specialized test 
areas 

- Use of modern In-Dummy measuring 
technology 

- Rollover tests using an embankment or 
rollover ramp  

- Heating and cooling is using waste heat 
from the adjacent wind tunnel 

 

CONCLUSION  

Full scale vehicle testing will continue to be an 
important part in the vehicle development process. 
The TFS is designed to assess systems of all 
phases of the Integral Safety Concept, particularly 
the interactions between active safety systems and 
new enhanced pre-crash systems, such as pre-
deploying restraint components and more. 
 
However, with changing mobility demands, the trend 
towards higher vehicle automation and alternative 
propulsion, future car technology may dramatically 
change. With changing vehicle technology, testing 
methods may need to be adapted as well. Therefore, 
the new test lab was built to be prepared for all 
currently imaginable test modes. 
 
The new Mercedes-Benz technology center for 
vehicle safety (TFS) is situated in 
Sindelfingen/Germany and started its operation in 
November 2016.  
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Abstract (500 Words) 

A number of automobile manufacturers have announced plans to bring automated driving technology to the 

road in the near future. In addition to economic and social benefits, potentially improved safety 

performance is one of the key factors motivating automated driving. With high-quality sensors working in 

parallel, automated driving is likely to offer safety benefits, since the system observes the environment 

continuously in all directions, whereas human visual perception is directly limited by the field of view and 

can be indirectly limited by the complexity of a scene or the cognitive burden . Humans are also subject to 

lapses of attention, e.g. due to fatigue. 

Assessing the difference in safety performance between automated and manual driving involves a det ailed 

analysis of this replacement. It is a more challenging task than assessment of “conventional” driver 

assistance systems, which usually address a more limited set of scenarios, and requires a comprehensive 

approach that includes the entire range of exposure of automated driving.  

In general, safety assessment utilizes evidence from a variety of sources, beginning with retrospective 

accident analyses and including a range of prospective techniques, such as so -called naturalistic driving or 

field operation testing (FOT). This paper presents a technique used by BMW for assessing safety 

performance of highly automated driving functions using virtual experiments , including two design 

approaches: virtual scenario-based trials and virtual FOT.  

The core technology in both designs is an agent-based Monte-Carlo simulation engine using our 

“stochastic cognitive model” (SCM) to describe human traffic participants, as well as sensor and functional 

models to describe agents with ADAS or automated driving. The paper will review key features of SCM 

developed to represent the behavior of virtual traffic participants (and their interactions) in real traffic. The 

simulation and models are parameterized base on different data sources like previous FOT -data, simulator 

studies, traffic data as well as accident data.  

The virtual scenario-based trial design to test a virtual automated driving function (ADF) is illustrated here 

for two highway scenarios. Virtual “humans” drive according to a “stochastic cognitive model”  developed 

by BMW. In an “obstacle in the lane” scenario, the virtual drivers encounter an obstacle that may appear 

(from their point of view) suddenly. Drivers are thus forced to decide on an action (braking, swerving, etc.) 

under severe time pressure, obvious collision risk, and often with inadequate time for observation of blind 

spots. In a “jam approach” scenario, the virtual “human” drivers enter a realistically simulated traffic jam 

front (e.g., position of maximum speed gradient can vary among lanes). In jam approach, typical 

perceptual limitations of human drivers can result in inadequate braking or counter-productive lane 
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changes and ultimately in collisions. Target vehicles equipped with a virtual ADF achieve improved safety 

in both tested scenarios.  

 

INTRODUCTION 

Based on comprehensive, sensor-based detection of 

vehicle surroundings, the vision of automated 

driving has already become reality in research 

vehicles (e.g., [1, 2]). Today, advanced driver 

assistance systems (ADAS) support the driver in 

demanding, complex or hazardous situations and, if 

necessary, can perform maneuvers automatically. 

Higher levels of automation could, at least 

temporarily, free the driver entirely from the 

driving task, with enormous potential for individual 

benefits [2]. In addition to individual mobility 

improvement, vehicle automation could play a 

central collective and socio-economic role and 

provide significant positive impacts on road traffic. 

It is widely expected that automated driving will 

improve traffic performance in terms of traffic 

flow, energy demand and traffic safety [3]. 

In addition to automotive manufacturers and 

suppliers, public decision makers, regulatory 

agencies, insurance companies, and consumer 

protection organizations are key stakeholders in the 

evaluation of vehicle safety. Proof of reliability and 

equivalent or superior safety in all operating 

scenarios is an important prerequisite for the 

introduction of ADF.  

 

Figure 1.  Changes in traffic safety due to 

advances in driver assistance and automation 

(after [4]).  

Detailed safety performance assessment and 

optimization of ADF safety performance is a 

complex task. By its nature, automated driving 

involves long periods of relatively 

unchallenging, low-risk traffic flow as well as a 

broad spectrum of rarely occurring, but 

potentially complex or high-risk scenarios. 

Safety performance assessment in ADF is more 

challenging than in “conventional” driver 

assistance systems (ADAS), which usually 

address a more limited set of scenarios. ADF 

assessment requires a comprehensive approach 

that includes the entire range of exposure.  

Moreover, as in ADAS, occasional superfluous 

system actions or unintended consequences could 

theoretically arise in ADF due to the underlying 

uncertainties in detection and risk assessment -- not 

to mention the constraints imposed by the laws of 

physics as applied to vehicle dynamics. As a 

consequence, secondary risks cannot be ruled out a 

priori (e.g., rear-end collisions following an 

emergency braking maneuver).  

Furthermore, the interactions between ADF and 

human drivers or vulnerable road users could in 

principle have non-obvious negative impacts on 

traffic safety in a particular context. For example, if 

there is a perception that ADF responses to 

potential conflicts are more defensive than human 

responses, human drivers could be tempted to carry 

out otherwise risky maneuvers, such as close lane 

changes in front of automated vehicles. Other forms 

of risk compensation by human drivers are also 

conceivable. As a consequence, an objective metric 

of traffic safety must also include possible side 

effects [5, 6, 7, 8], in order to quantify the ratio of 

desired safety improvements to unwanted side 

effects, and to optimize the ADF regarding this 

ratio. 

Issues such as integrity of communication, data 

protection, and technical reliability are 

unfortunately beyond the scope of this paper. The 

focus here is on techniques for quantifying and 

optimizing the impacts of ADF on traffic safety.  

SAFETY ASSESSMENT APPROACHES  

Retrospective assessment and related issues 

One approach for structured assessment of impacts 

on traffic safety of systems is retrospective analysis 

of accident databases linked to vehicle equipment 

data (if feasible [9]). Clearly, this approach can 

only be applied to existing systems. However, even 

for assessment of existing safety systems, there are 

several statistical constraints, particularly due to 

lack of statistical power (low event rates) and 

confounding factors. Thus, low event rates imply 

that large samples from accident databases and long 

observation times [5] are required for retrospective 

statistical evaluation of accident avoidance; and 

safety effects could be confounded because 

vehicles in the sample often differ in multiple 

aspects, but not only regarding the safety system in 
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question. Differences of driver population or 

exposure to traffic scenarios are often correlated 

with the availability of the system. Moreover, like-

named safety systems from different manufacturers 

may have different functional characteristics, 

activation thresholds, intervention algorithms or 

interaction concepts with the driver.  

Such properties of retrospective studies make an 

unambiguous interpretation of results and 

conclusions about causality difficult or impossible; 

simple, comprehensive statements regarding safety 

performance changes (“effectiveness”) are not 

always valid [6, 7].  

In addition, evaluation of the consequences of 

system actions is practically impossible based on 

retrospective studies alone. The same warning or 

system intervention could have quite different 

impact on traffic depending on possible action and 

reaction of involved road users in the situation. 

Taking the situation with a pedestrian standing on 

the road edge as an example, the situation contains 

at this moment a potential risk, since in most cases 

the pedestrian would wait until the vehicles pass. A 

warning would be in that case unnecessary and 

interpreted as “false alarm” by the driver. However, 

it cannot be completely excluded that – contrary to 

expectation- the pedestrian makes a sudden move 

towards the road, albeit with very low probability. 

In this case, the same early warning could have 

increased the driver’s attention and facilitated a 

proper reaction.  

This discussion does not imply that the impact of 

system warnings or interventions are totally 

unpredictable, but it does imply that stochastic 

variations, particularly in human factors, need to be 

taken into account in a holistic system design and 

engineering approach. A thorough analysis of 

human factors can help to achieve the desired 

safety effects: The holistic approach includes 

choosing the right warning modality, directing it to 

the right place, modeling an intervention with the 

right gradient – and most importantly delivering the 

warning and intervention at the right moment.  

However, traffic dynamical processes beyond the 

control of the engineer will always play a strong 

role and influence the performance of a safety 

measure. System optimization, in particular, 

optimizing the sensitivity-specificity-trade-off, 

could contribute to minimizing the negative side 

effects, and to maximizing the safety benefits, 

which requires microscopic view of numerous 

individual cases to quantify the system impact in a 

particular class of traffic situations (Figure 1). This 

process cannot be achieved by purely retrospective 

assessment.  

Summarizing, retrospective studies can enable ex-

post evaluations, but can hardly be used for any 

optimization of ADF, due to the long feedback loop 

of development, retrospective evaluation, and 

redesign. There is an urgent need for reliable and 

valid predictions of traffic safety for design and 

optimization of ADAS and especially for ADF. 

However, truly prospective, controlled, and 

representative studies are not feasible on public 

roads due to ethical and practical considerations. 

This dilemma could be resolved using virtual, 

simulation-based traffic safety predictions of 

ADAS and ADF. 

Prospective safety assessment 

The concept of a virtual experiment or “trial” is 

expected to play a central role in comprehensive 

safety assessment of ADF (Figure 2).  

Here, real traffic is replaced by simulated traffic 

and other “real” components by models. Validity is 

the central requirement in this paradigm. 

 

Figure 2. Process of virtual assessment of 

ADF. 

The basic experimental design paradigm is the 

randomized controlled trial, comparing a “treatment 

group” to a control group (referred to as 

“baseline”). In place of real vehicles in real traffic, 

the subjects of the trial are virtual vehicles in virtual 

traffic.  

One virtual design approach, similar to Advance 

Driver assistance systems’ assessment, involves 

preliminary identification of specific (rare but 

important) scenarios that are potentially complex 

or high-risk.  

Typically, safety performance of automated 

vehicles is then tested by repeated virtual 

experimental units (simulations). These 

simulations usually have a short temporal and 

spatial focus and involve relatively few 

interactions.  
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In each experimental unit or trial, characteristics 

of agents and traffic environments are randomly 

drawn from appropriate model distributions. 

Target agents are assigned to treatment (system 

active) or baseline (system not present or inactive). 

Traffic safety indicators are captured as dependent 

variables, analogous to empirical tests. 

Effectiveness of a system can be quantified based 

on comparison to the baseline regarding these 

indicators, using appropriate statistical tests.  

A second design approach is a “virtual FOT” 

simulation, involving generic initial conditions, a 

longer road section and many interactions. The 

virtual FOT can reveal scenarios whose risks are 

not evident a priori, but which emerge in the 

course of simulation.  

An obvious advantage of prospective virtual 

assessment is the ability to perform controlled 

experiments in high-risk traffic environments. 

Another key advantage is generation of adequate 

sample sizes: quantification and statistical testing of 

safety effects requires an adequately large and 

representative sample of events. The number of 

events needed is typically related to the square of 

the relative safety effect size, just as in a 

randomized, controlled trial. However, since events 

(i.e., accidents) are inherently rare events, generally 

a very large sample of scenarios or very long 

observation periods are required. In contrast to 

empirical studies or test driving, virtual samples 

can be produced fast and with minimal cost. 

Finally, virtual testing can capture any data desired 

for evaluation, including virtual human factor data. 

 

Figure 3. Categorization of possible system 

response in temporal sequence (following 

[10]). 

Due to the high complexity of possible safety 

effects of an ADF, an appropriate metric for 

characterization of these effects is required. An 

ideal metric includes effectiveness quantification at 

two levels. The first level quantifies the relative 

frequencies of all possible fields in the situation-

system-response-matrix (Figure 3). A key 

characteristic, adopted from medicine, is the NNT 

(“number needed to treat”). NNT can be defined as 

the ratio between all system actions and true 

positives, i.e., desired system actions [11, 12, 13]. 

NNT can be calculated separately for each type of 

system action (warnings, interventions). 

The second level quantifies the primary effects 

including both avoided accidents and mitigation 

(reduced injury severity or fatalities in the 

remaining unavoidable accidents), but also 

secondary effects including possible “new” 

accidents and their injury severity. 

Probability models can be used to derive injury 

severity based on detailed accident characteristics 

in the target scenario. To calculate the metric, two 

steps are required: first, calculating the impact of 

the system on accident characteristics in the target 

scenario; second, applying a conditional probability 

model of injury severity depending on these 

characteristics. 

To model injury severity – quantified as MAIS 

(Maximum Abbreviated Injury Scale), for example 

– depending on accident characteristics, there are 

several complementary approaches. A commonly 

used method is the construction of statistical 

models (e.g., regression models) from existing 

accident databases (e.g., [12, 14, 15, 16]). Another 

approach is “co-simulation”. Here, a representative 

sample of time series from accident simulations is 

generated and analyzed using a high-resolution 

crash simulation, which is capable of rapidly 

calculating injury indicators [17, 18]. 

Modelling safety-relevant processes in virtual 

traffic  

The safety performance of ADF depends on a 

number of interacting processes, beginning with 

exposure variables and related to traffic flow, 

dynamics of the driver-vehicle unit including 

human factors, technical systems, and the 

environment. In the context of safety assessment, 

the goal of simulation models is to achieve a 

simulation fidelity (quality) capable of capturing 

the effects of ADF on all safety-relevant processes. 

This objective is far more challenging than those of 

typical traffic simulation applications in the past, 

which were concerned with understanding traffic 

instability, optimization of macroscopic flow 

characteristics, or incident detection by traffic 

reconstruction. The simulation model should be 

capable of capturing the real-world performance of 

a system by considering the stochastic properties of 

all relevant technical and human processes in 

traffic, including responses to the safety system 

under assessment. 

There are many possible interactions within a 

driver-vehicle unit and between traffic participants 
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and their surroundings. For ADF, the interaction 

between driver and vehicle may possibly be very 

limited (Figure 4). Traffic safety is a result of all 

elements of the driver-vehicle control loop [19], 

together with other factors, such as infrastructure or 

regulations. 

 

Figure 4. Possible interactions of driver-vehicle-

surroundings including ADAS or ADF; each 

including possible interactions with another 

human driver (after [20]). 

In principle, all relevant dynamic and human 

processes are represented as time series of states 

within the simulation. The simulated changes of 

those states can have both “deterministic” and 

“stochastic” characteristics, and it is often the 

stochastic variations that are important in accident 

processes. Simulation models must therefore be 

capable of representing not only deterministic 

processes but also stochastic properties. For 

example, the duration from a collision warning to 

braking by the driver will vary widely within a 

population of drivers and therefore must be 

regarded as stochastic [21]. The yaw rate of a 

vehicle on a dry surface is primarily 

deterministically dependent on steering wheel angle 

and speed, but slippage introduces an effectively 

stochastic component that could be important in 

extreme situations. 

 

Figure 5. Generic process chain of ADF 

(without interaction with the driver) [22]. 

For technical systems, the entire process chain must 

be represented. The process chain generally 

consists of sensors, traffic environment modeling, 

algorithms (logic), vehicle dynamics controllers 

and actuators (Figure 5). Additionally, the system 

impacts and feedback loops on driver, vehicle, and 

traffic are modeled. 

By far the most important stochastic processes are 

related to human factors. It is known for instance 

that the reaction times of human drivers vary 

considerably [21] in response to even a controlled 

stimulus. Most accident processes involve at least 

some aspect of human factors, and the impact of 

ADAS or ADF cannot be evaluated virtually 

without taking human factors into account.  

To this end, the integrated Stochastic Cognitive 

Model (SCM) for highway driving has been 

developed within BMW and applied to safety 

impact assessment. A core aspect of the SCM 

driver behavioral model is the application of 

stochastic methods in order to represent the 

behavior of different drivers (Figure 6). 

 

Figure 6. Overview on the used driver model for 

the safety impact assessment. 

The SCM consists of five different sub-models that 

are briefly described in the following: 

Information acquisition. This sub-model considers 

in principle auditory, haptic and visual perception 

of the driver. In particular in the information 

acquisition sub-model is focused on the visual 

perception, which considers the peripheral and 

foveal field of view of the driver as well as the gaze 

distribution.  

Mental environment. This sub-model describes 

recognition of situation patterns. This sub-model 

considers the current information of the information 

acquisition sub-models as well as information from 

memory respectively previous time steps. All 

gathered information are aggregated to describe the 

microscopic traffic properties and extract features 

of the environment that are needed in the next 

model.  

Decision making. In this sub-model the current 

situation is assess according the information 

derived in the previous step. Based on the outcome 

of the assessment a decision is taken about the next. 

For the selection of the taken action also 

statistically variations are considered.  
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Action Patterns. This sub-model divides the taken 

action base on an action pattern catalogue into 

primary (acceleration, deceleration, steering and 

constant driving), secondary (indicator use, light 

activation, use of the horn etc.) and tertiary driving 

actions (e.g. telephone or navigation use). 

Action Implementation. Finally, the information of 

the previous sub-models are used in order to 

determine the pedal position – accelerator as well 

as braking pedal – and steering wheel angle that 

result in the longitudinal and lateral acceleration of 

the vehicle. By this the movement of the vehicle for 

the next time step can be determined. 

CHALLENGES FOR VIRTUAL 

ASSESSMENT OF AUTOMATED DRIVING 

FUNCTIONS  

Safety related ADAS act by means of warning or 

intervention in sporadic events shortly before 

imminent collision would occur. Automated driving 

functions in contrast operate and intervene 

continuously in the driving behavior. Consequently, 

safety related effects of the functions – positive as 

well as negative – in traffic flow as a whole, not only 

in certain target scenarios, must be considered in the 

assessment of AFD (Figure 7). 

 

Figure 7. Identification of top scenarios for the 

assessment of AFD based on relevant situations 

as well as on continuous traffic simulation. 

In general, automation has not only a potential for 

selective accident prevention from the perspective 

of the ADF-vehicle, but could, given sufficient 

penetration, increase overall traffic safety due to 

collective effects such as harmonization of traffic 

flow (see, for example, [25]). For example, traffic 

literature shows (e.g., [26]) that inappropriate speed 

is not only limited to individual drivers, but may be 

a collective phenomenon of the traffic stream. A 

high penetration of traffic with ADF-vehicles could 

thus also avoid accidents for non-equipped vehicles 

(due to the collective effects of early speed 

adjustment). 

On the other hand, due to the continuous action of 

ADF in traffic, the situation space will be 

substantially larger than for current ADAS, and 

prediction of all relevant situations will be difficult. 

This causes fundamentally new issues and 

methodological challenges arise for the virtual 

safety assessment of ADF. These issues complicate 

the assessment. A possible approach is an 

integrated and agile development and assessment 

process using a comprehensive tool chain.  

Any methodology for continuous safety assessment 

during development requires a comprehensive 

understanding of various existing methods and their 

specific role and contribution in such a complex 

process. Figure 8 provides an abstract overview of 

the roles of different testing instances within an 

integrated development and assessment process.  

 

Figure 8. Development and assessment process 

including exemplary testing instances. 

Referring to Figure 8, the scenario database as 

well as other models play a key role for all 

development and test tools. The scenarios and their 

frequency (in terms of an exposure model) can be 

stored in a scenario database and reused for 

different test instances. 

Summarizing, the key of virtual assessment of ADF 

can be broken down in following aspects: modeling 

all relevant processes representatively and 

realistically, covering the large and partially 

unknown test space, and managing and utilizing 

both empirical and synthetic data. The following 

sections will briefly address these aspects without 

claiming to be exhaustive. 

Process of assessing automated driving in virtual 

continuous simulation  

In addition to traditional research methods (e.g., 

theoretical risk assessments, testing on the road, 

etc.), virtual continuous simulation offers new 

opportunities for “discovery” of relevant scenarios; 

especially, when it comes to combinations of 

factors which are rare and difficult to derive from 

theory. 
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One approach to discovery of “unknown” scenarios 

is observing longer durations or distances by long-

running continuous simulation: safety-critical 

scenarios are not explicitly generated (e.g., by 

certain given constraints), but arise spontaneously 

from a stochastic comprehensive model of traffic 

flow. 

In general, traffic has a very high complexity – due 

to the numerous direct interactions between traffic 

participants and indirect interactions between 

individuals and the collective traffic flow. 

Nevertheless, traffic flow has several collective or 

“macroscopic” characteristics. Examples are 

“fundamental diagram” (empirical relationship 

between traffic flow and average speed on a 

freeway section) or “capacity” (characteristic traffic 

demand above which traffic flow tends to become 

unstable). Changes in macroscopic characteristics 

of traffic flow, in this context, due to ADAS or 

ADF, may in turn have effects on traffic safety. 

Automated vehicles can affect direct interaction 

between vehicles, interaction between individual 

vehicles and traffic flow as well as collective 

characteristics of traffic flow. Since all of these 

changes can affect conflict and accident probability, 

they must be included in traffic safety assessment. 

To this end, many processes in normal, non-assisted 

and non-automated traffic will need to be re-

assessed by considering high context sensitivity and 

other skills or typical strengths of human drivers 

(see also [27, 28, 29, 7, 30, 19]). 

An open question and subject of research and 

development is, to what extent automated vehicles 

will have capabilities comparable to those of human 

drivers. Some safety-relevant characteristics, such 

as anticipation and defensive driving, could be even 

more pronounced with ADF than with human 

drivers. 

Thus, the approach of assessing ADF by means of 

virtual continuous simulation implies challenging 

requirements for comprehensive modeling. These 

include reproduction of all relevant processes (also 

error processes) in traffic flow, with their respective 

frequencies. Modeling the frequencies of all 

relevant processes and scenarios, essentially 

constitutes an advanced exposure model. 

An initial set of scenarios can be specified using 

expert knowledge, field operational tests, and 

virtual test runs. Virtual testing generates many 

representations of stochastic processes in traffic 

based on models of traffic contexts, sensors, 

drivers, vehicles, and traffic dynamics. The 

objective is to provide a representative sample of 

the overall situation space taking into account the 

large number of potential scenarios including low-

probability events [31]. 

In a virtual test operation, these scenarios could be 

checked automatically representing a kind of safety 

cycle. The frequency of scenarios could depend on 

different factors, for example, countries or 

environmental conditions. Virtual testing would 

fulfill the requirements of a safety assessment in 

this construct, as described above. 

Process description for assessing highly 

automated driving in top scenarios  

A portion of possible positive contributions of ADF 

comes from consideration of relevant and 

potentially hazardous scenarios where the 

advantages of ADF help avoid potential accidents 

or mitigate their consequences. “Scenario” in this 

context refers to all potentially hazardous traffic 

situations that can lead to a certain type of conflict. 

Virtual testing by simulation of a single scenario 

results in quantification of effectiveness of an 

automated system in this particular scenario. The 

safety performance of automation then can be 

estimated from scenario specific effectiveness 

weighted by respective frequencies, i.e. “exposure” 

of the scenarios. The scenarios of particular interest 

for an ADF are referred to in the following as “top 

scenarios”. 

Using virtual experimental design (as for ADAS), 

an appropriate reference sample of relevant 

scenarios can be defined and considered. For 

scenario-based assessment, representative scenarios 

are needed. The contribution to effectiveness due to 

ADF can be quantified using a sample of virtual 

experiments, once the scenarios and their 

frequencies are known: From the set of relevant 

scenarios, individual situations are “sampled”, i.e., 

created virtually. The values of all stochastic 

variables are drawn from appropriate distributions. 

Sampling may be repeated or independent. In 

repeated sampling, each randomly generated 

scenario is simulated multiple times (e.g., with / 

without ADF), whereas in independent sampling, 

new samples are drawn for each run. 

The effectiveness of ADF is, among other things, 

determined by the system limits. These can 

theoretically depend on the traffic context (such as 

vehicle speed or road class given by a digital map), 

environmental conditions (light conditions, 

weather) or on conditions for automatic system 

activation or deactivation. Furthermore, system 

activation by the driver or other human factors can 

influence effectiveness. 
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Detection systems in traffic are subject to system 

limits and to various uncertainties and latencies. As 

a consequence, in practice, detection systems 

themselves often show stochastic characteristics. 

For example, the time for stable object recognition 

by means of a camera can depend on partial 

occlusion of the object or complexity of the traffic 

scene. The algorithms for situation detection and 

action usually rely on measurements from the 

detection systems; the derived characteristics (such 

as estimated “time to collision” for a detected 

object) are therefore also subject to corresponding 

latencies and uncertainties that require appropriate, 

mostly stochastic, modeling. Also, system actions 

often act indirectly by stimulating a driver reaction 

(e.g., warnings) or interact with (stochastic) driver 

actions (e.g., by lowering the threshold for brake 

assist). Overall, stochastic characteristics have a 

major impact on the overall safety assessment of 

ADF. 

With increasing complexity of the systems, an 

abstract representation of the functionality of an 

automatic driving system may require considerable 

effort. Also, verifying that an abstract system model 

actually behaves like the real technical system 

poses a challenge with increasing system 

complexity. To meet this challenge, alternative 

approaches are possible: 

Instead of abstract models, real components can be 

directly connected to the simulation using an 

appropriate test facility (e.g., Hardware-in-the-loop) 

[28]. In addition, findings from such test benches 

can be used for calibration and validation of 

relevant models in the simulation even without a 

direct connection. The actual code may be used in 

the simulation instead of an abstract model of the 

system logic. This results new challenges for the 

simulation and the models used due to the technical 

interfaces used. 

Philosophy and procedural approaches for 

validation and verification  

A key issue concerns the validation of process 

models and, by extension, plausibility of simulation 

results. Validation of models involves utilization of 

appropriate testing procedures for each particular 

method in the development chain. Each method, for 

instance test driving or a driving simulator, is used 

for validating the vehicle model or for MMI 

concepts. A validated model database is the 

prerequisite for the reliability of virtual testing; the 

quality of the models is of key importance for the 

development chain and the validity of the 

assessment result. 

Verification of simulated system actions represents 

another important element of the inspection 

process, by drawing samples from all simulations 

and testing these in recognized test institutes.  

APPLICATION OF THE ASSESSMENT 

METHOD  

The virtual scenario-based trial design to test a 

virtual ADF is illustrated here for two “top” 

highway scenarios. In an “obstacle in the lane” 

scenario, the virtual drivers encounter an obstacle 

that may appear (from their point of view) 

suddenly. In a “jam approach” scenario, the 

virtual “human” drivers enter a realistically 

simulated traffic jam front (e.g., position of 

maximum speed gradient can vary among lanes). 

The two scenarios illustrate the approach of Figure 

7 for either a technically challenging scenario 

(obstacle in the lane) or a statistically frequent 

scenario (rear-end collision while approaching the 

end of a traffic jam). Both scenarios are described 

in more detail in the following.  

Obstacle in the lane scenario  
In this scenario the safety potential of a 

hypothetical automated driving function is 

investigated for an “obstacle-in-the-lane” scenario. 

The virtual experimental design for this scenario is 

illustrated in Figure 9.  

The obstacle is located in the middle lane of a 

three-lane motorway, so that vehicles can attempt 

to either brake or maneuver to the left or right to 

avoid collision with the obstacle.  

 

Figure 9. Scenario “obstacle in the lane” with 

the three target vehicles (light blue) and the 

obstacle (orange).  

For the analysis, impact assessment focusses on the 

first three vehicles that approach the obstacle. The 

three target vehicles are either driven by the SCM 

driver model (human driver) or by the automated 

driving function. The vehicles of the surrounding 

traffic are all controlled according to the SCM 

driver model. 

This scenario presents a rather complex challenge 

for human drivers. It requires several timely and 

generally irrevocable decisions that depend on the 

currently perceived state of surrounding traffic. The 
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main options include (1) braking in lane; (2a,b) 

swerving (left or right) just enough to avoid the 

obstacle, but returning to the original lane; (3a,b) 

changing lanes (left or right), a combination of 

braking with swerving (4a,b) or lane changing 

(5a,b), both limited however by controllability 

(friction ellipse). Drivers are thus forced to decide 

on an action (braking, swerving, etc.) under 

severe time pressure, obvious collision risk, and 

often with inadequate time for observation of 

blind spots.  

The default option (0) is to wait too long and crash 

into the obstacle. Since the time required for a 

human driver to choose among n alternatives (here 

n=9) tends to increase with ln n [32], option (0) is 

unfortunately quite common in practice, even if the 

driver has good perception of surrounding traffic.  

In simulations of the obstacle-in-the-lane scenario 

with SCM drivers, two main types of collisions 

were observed: 

Collision with the obstacle by one of the three 

target vehicles. A typical chain of events leading to 

collision is that a preceding vehicle that blocks the 

target driver’s view of the obstacle executes its lane 

change rather late. In this case, even if the target 

driver begins one of the response options (1) – (5) 

discussed above, it will often be too late to avoid 

the obstacle -- due to the laws of physics. These 

phenomena depend of course on the individual 

(stochastically modelled) response characteristics. 

Collision between a target vehicle and another 

vehicle. A second typical accident sequence occurs 

when a target driver decides to change lanes (or 

swerve) urgently, without sufficient safety check on 

the intended adjacent lane. Here, the known threat 

from an obstacle ahead could outweigh the 

uncertain threat of possible adjacent conflicts. This 

thoroughly rational risk-minimization strategy will 

not always succeed. For example, another vehicle 

could have recently entered the conflict zone due to 

a relatively fast approach. Moreover, the perceptual 

data available to a driver confronted with an urgent 

threat is uncertain, and his intuitive decision 

process can have irrational (reflexive, emotional) 

components. 

In target vehicles equipped with a virtual ADF, 

several main differences compared to the human 

SCM models are assumed: first, instead of data 

acquisition (perception) from an area of interest 

(AOI) only after gaze fixation on that area of 

interest, the ADF sensor is assumed to perceive all 

visible AOI continuously and simultaneously. 

Second, the ADF algorithm is assumed to compute 

a braking reserve time to the preceding vehicle 

using sensors that are assumed to accurately detect 

speed differences. (The estimated braking reserve 

time in the ADF is of course still somewhat 

uncertain due to uncertain dynamics of the 

preceding (human driven) vehicle.) Third, the 

decision to brake, swerve, or change lanes was 

programmed deterministically based on the most 

likely safe outcome if one exists, otherwise, the 

default here is braking. Finally, the modelled 

response time for action implementation (Figure 6) 

is only slightly stochastic and on the average faster 

for an ADF-equipped target vehicle than the mean 

of the statistical distribution for human drivers.  

For each of the 40,000 experimental units 

(simulation runs) considered here, we record 

whether (and if so, when) a collision has occurred, 

and whether one of the three target vehicles was 

involved. The data is “censored” at the time of 

simulation termination, i.e., it is unknown what 

might have occurred after the simulation 

termination, and accident risk is quite dynamic as 

discussed below. Moreover, the simulation run 

terminates after any accident, including accidents 

not involving a target vehicle. An appropriate 

representation of safety performance in this virtual 

experiment is to compute “survival” probability 

curves (Figure 10) by the well-known Kaplan-

Meier or product-limit method. The relative safety 

performance of the ADF and SCM driver models 

can then be tested using the log-rank statistic. 

 Figure 10. Overall results of the simulation of 

the “obstacle in the lane”-scenario. 

The overall simulation results of the simulation 

show a safety benefit of the ADF target vehicles 

over “human” (SCM-model driven) vehicles. 

Overall the probability of “survival” (target not 

having an accident) in this scenario was 28.3% 

higher with automated driving (+94% relatively 

speaking). In addition, in case of collisions, the 

mean velocity difference between the involved 

vehicles is 15% lower for the automated driving 

vehicles. 

Incidentally, the Kaplan-Meier curves illustrate the 

dynamics of risk exposure for the target vehicles in 
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this simulation scenario, which can be thought of in 

two phases. The first phase includes the approach 

and possible avoidance of the obstacle by the target 

vehicles. The phase takes about 17 s (for the 3 

target vehicles) on the average and includes the 

main potential benefits of the automated driving 

function. The second phase describes the time after 

the target vehicles have passed the obstacle. During 

this phase, driving challenges are less severe for the 

target vehicles, although secondary accidents could 

still occur, for example, due to human drivers 

returning to their original lane after braking and 

swerving. However, the impact of automated 

driving appears lower than during the first phase. 

The dependence of ADF safety performance on 

environmental factors in this scenario (traffic 

volume and range of visibility is summarized in 

Table 1. 

Table 1: Environmental factors and their 

influence on ADF safety performance in the 

obstacle-in-the-lane scenario 

Scenario Probability of remaining crash-free [-] 

Para-

meter 
Value 

SCM 

Driver 
ADF 

Delta 

(absolute) 

Delta 

(relative) 

Overall - 29.9% 58.2% -28.3% -48,6% 

Traffic 

volume  

900  

veh./h 
30.9% 61.6% -30.5% -49,8% 

1200 

veh./h 
28.9% 54.8% -25.9% -47,3% 

Range 

of view 

250 m 30.4% 56.5% -26.1% -46,2% 

125 m 29.5% 59.9% -30.4% -50,8% 

 

The absolute accident risk decrease with the 

automated driving function was between 25% and 

30%. If the traffic flow is reduced, the probability 

of survival for automated and manual driving is 

increased. The same applies for an increased range 

of view. 

Traffic-jam-approach scenario  

Figure 11 illustrates the scenario “traffic jam 

approach” by a target vehicle (simulated as the 

fourth vehicle in the right lane).  

Here, a rear-end conflict occurs while the target 

vehicle is approaching the end of the traffic jam. 

The main challenge in this driving scenario is the 

higher speed difference between the target vehicle 

and the rear end of the traffic jam, which is either 

standing still or slowly moving (approx. 30 km/h). 

 

Figure 11. Scenario “approaching traffic jam” 

with the target vehicle (light blue) and the 

surrounding vehicles (black) 

The existence of a large speed gradient in traffic 

flow presents severe challenges to a human driver. 

To avoid causing a collision, a driver must perceive 

the situation correctly (and in time) and respond 

appropriately. Whereas late perception or 

inadequate braking response are likely to lead to a 

rear-end collision, incorrect perception (with 

inappropriate response) could lead to misguided 

swerving or lane changes, causing possible 

secondary conflicts with approaching vehicles in 

adjacent lanes.  

Accidents caused by a simulated “human” target 

vehicle occur most frequently when the target 

vehicle is not capable of slowing down in time to 

prevent a rear-end collision. However, accidents 

with the target vehicle can also occur if the driver 

performs a lane change while approaching the 

traffic jam and fails to perceive a potential conflict 

in surrounding traffic in this demanding situation.  

As above, target vehicles equipped with a virtual 

ADF have continuous, simultaneous data 

acquisition from all AOI. They will decide 

deterministically how to respond, and respond 

faster on the average.  

As above, for each of the 8000 experimental units 

(simulation runs) considered here, we record 

whether (and if so, when) a collision has occurred, 

and whether the target vehicle was involved. Due to 

censoring, the results are shown in terms of 

“survival” probability curves (Figure 12).  

It is important in this design to note that many 

accidents involving the target vehicle and 

included in the statistics are caused by another 

driver, for example, the driver to the rear. Hence, 

many of the accidents are not addressed by the 

ADF.  

Figure 12. Probability of remaining crash free 

for SCM vs. ADF by traffic variance (high vs. 

low) and jam speed (30 km/h vs. 0 km/h) in 

jam approach scenario. 
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Figure 13. Probability of remaining crash free 

for SCM vs. ADF by traffic variance (high vs. 

low) and jam speed (30 km/h vs. 0 km/h) in 

jam approach scenario. 

The accident reduction for target vehicle due to 

ADF was considered for low and high traffic 

variance and for jam speed 30 vs. 0 km/h at the jam 

front. The system was effective in all cases. Table 

1 shows a moderately greater effectiveness of the 

ADF in the case of the 30 km/h jam and a rather 

small difference depending on traffic variance, 

which might have affected the probability of last-

minute lane changes.  

Table 2. Accident reduction of target vehicles 

due to ADF in different experimental conditions. 

 

Traffic jam 

speed  

0 km/h 

Traffic jam 

speed  

30 km/h 

Traffic 

variance low 27.9% 48.7% 

Traffic 

variance high 37.6% 46.2% 

 

CONCLUSION AND OUTLOOK  

The task of safety assessment and optimization of 

automated functions raises new issues. In contrast 

to ADAS assessment, quality measures of traffic 

safety are principally related to all traffic scenarios 

in which a function is active. Since automation may 

change collective traffic characteristics, safety 

analysis must go beyond isolated human errors in 

currently occurring traffic processes and the impact 

of automation on these. Newly emerging, 

automation-related, scenarios have to be considered 

for a comprehensive safety assessment. 

Validation and safety assessment of automated 

functions have to be understood as continuous and 

iterative tasks during development, not as singular 

activities at the end of the development phase. Due 

to the variety of possible influences, the necessary 

assessment of automation approaches during 

development would be extremely problematic 

based, for example, solely on fleet testing, since 

detection of rare effects requires correspondingly 

long observation periods. In addition, testing would 

have to be repeated, in principle, after every single 

change of the function. 

The approach of simulation-based virtual 

experiments can be interpreted as knowledge 

synthesis. Still, some challenges for the assessment 

of automated systems arise. Relevant scenarios for 

automation are a priori unknown and can only 

partially be identified using existing methods. Due 

to the generally larger situation space involved in 

automation, modeling results in considerably more 

complexity as for the assessment of ADAS. 

Quality requirements for traffic simulation are 

correspondingly higher, especially in terms of 

process models used. Traffic simulation will need 

to consider error processes and their resolution in 

normal traffic in more depth. The challenges 

include improved modeling of psychological 

processes, e.g., attention or activation (Yerkes-

Dodson) [33]. An important aspect of the safety 

potential of ADF arises from avoidance of errors 

resulting from lack of driver activation and 

resulting attention lapses.  

Despite sophisticated technology, systems will still 

be subject to system limits within the near future. 

Virtual experiments could make an important 

contribution to design and optimization of take-

over requests to human drivers, in addition to safety 

assessment. 

Critical traffic situations can require a decision 

among several unfavorable alternatives for action. 

Here again, virtual assessment can support the 

development of transparent decision algorithms, 

including possible ethical considerations. A general 

discussion of such alternatives has already begun in 

public [34]. Potentially, all stakeholders can 

achieve consensus on best-practice guidelines for 

the prioritization of alternative actions, prior to 

market introduction.  

Many (novel) projects, initiatives, organizations, 

and research activities are focusing on the effects of 

ADAS regarding traffic safety. So far, however, an 

international consensus on methodological issues in 

the context of an overall safety assessment of 

ADAS and ADF is still lacking. 

Consequently, the objective is an international 

consensus and implementation of scenarios, 
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models, and the overall assessment approach by all 

relevant stakeholders in an international context.  

Considering the importance and complexity of 

decisions and challenges, the initiative “Prospective 

Effectiveness Assessment for Road Safety” 

(P.E.A.R.S.) has the objective of developing a 

standardized and harmonized method for the 

overall effectiveness assessment of new systems, 

such as ADAS or ADF, which is accepted by all 

stakeholders. Both benefits and potential risks 

should be quantified as part of the assessment. The 

objectives are, among others, a higher degree of 

legal predictability, and adequate and objective 

consideration of individual and societal interests. 

This open platform provides important prerequisites 

for a global harmonization and standardization. 

Other important influences on safety such as 

integrity of communication, data protection, and 

technical reliability were beyond the scope of this 

paper, but could be addressed by stochastic 

simulation methods as well. 
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ABSTRACT 

Except for corrective steering functions automatic steering is up to now only allowed at speeds up to 10 km/h 
according to UN Regulation No. 79. Progress in automotive engineering with regard to driver assistance 
systems and automation of driving tasks is that far that it would be technically feasible to realise automatically 
commanded steering functions also at higher vehicle speeds. Besides improvements in terms of comfort these 
automated systems are expected to contribute to road traffic safety as well. However, this safety potential will 
only be exhausted if automated steering systems are properly designed. Especially possible new risks due to 
automated steering have to be addressed and reduced to a minimum. For these reasons work is currently 
ongoing on UNECE level with the aim to amend the regulation dealing with provisions concerning the 
approval of steering equipment. It is the aim to revise requirements for automatically commanded steering 
functions (ACSF) so that they can be approved also for higher speeds if certain performance requirements are 
fulfilled. The paper at hand describes the derivation of reasonable system specifications from an analysis of 
relevant driving situations with an automated steering system. Needs are explained with regard to covering 
normal driving, sudden unexpected critical events, transition to manual driving, driver availability and 
manoeuvres to reach a state of minimal risk. These issues form the basis for the development of test 
procedures for automated steering to be implemented in international regulations. This holds for system 
functionalities like automatic lane keeping or automatic lane change as well as for addressing transition 
situations in which the system has to hand over steering to the driver or addressing emergency situations in 
which the system has to react instead of the driver. 
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STARTING POSITION 

REQUIREMENTS FOR TYPE APPROVAL 
OF MOTOR VEHICLES 
In order to ensure a certain level of traffic safety 
by means of vehicle safety, motor vehicle design is 
restricted by technical requirements. However, it is 
no longer up to individual countries to set the 
minimum requirements for vehicle technology. 
The approval of vehicle types is rather harmonized 
internationally. On the level of the European 
Union, EU directives and regulations have been 
proposed by the European Commission in Brussels 
that set the legal rules for approval. For other 
countries and regions as well as the EU, the United 
Nations Regulations (UN-R), created by the United 
Nations Economic Commission for Europe 
(UNECE) serve as basis for type approval. E.g. 
UN Regulations are referenced in Annexes IV and 
XI of the EU type approval directive and come into 
play as EU-vehicle type approval requirements as 
far as referenced. In the EU additionally a link to 
UN Global Technical Regulations (GTR) is in 
place. These regulations are being developed at the 
international level by the "World Forum for 
Harmonization of Vehicle Regulations" (WP.29) 
also at UNECE based in Geneva. Thus for a 
significant part of the world-wide vehicle market 
internationally harmonised requirements in terms 
of UN Regulations are applied. 
The UN Regulations (formally known as UNECE 
regulations) consist of a set of internationally 
harmonized and uniform technical prescriptions for 
wheeled vehicles, equipment and parts which can 
be fitted and/or used on wheeled vehicles. 
Conditions for reciprocal recognition of approvals 
granted on the basis of these descriptions are also 
contained. Complying with the UN requirements 
contributes to a higher product safety and a 
minimization of product liability risks. The UN 
Regulations are the basis for the approval of motor 
vehicles and parts as well as equipment. The 
contracting parties of the UNECE group guarantee 
each other mutual recognition of the approvals. 
Overall, there are presently 138 UN Regulations. 
They each include their own scope in respect to 
different vehicles, equipment and vehicle parts or 
separate systems and their technical aspects. 
Furthermore they depict specific and detailed 
technical requirements. 

TECHNICAL REQUIREMENTS OF THE 
RELEVANCE FOR THE APPROVAL OF 
AUTOMATED DRIVING FUNCTIONS 
Driver assistance systems that are able to automate 
longitudinal and lateral control of a vehicle and 
thus support the driver in performing his driving 
task have already been on the market since several 
years now. Especially ACC (Adaptive Cruise 
Control and LKAS (Lane Keeping Assist Systems) 
can serve as examples for longitudinal and lateral 
control respectively. If the degree of automation 
rises more and more parts of the driving task are 
taken from the driver and are carried out by the 
vehicle or a vehicle system itself. An essential 
barrier for the development and introduction of 
automated lateral control may be existing 
requirements for the approval of motor vehicles. 
While considering the automation of driving tasks 
together with the respective technical requirements 
it is obvious to start with regulations concerning 
braking (UN-R 13) and steering (UN-R 79). In 
addition automated driving can affect UN-R 48 
which deals with the fitment of lighting and light 
signalling devices. When the needs of a revision of 
the regulations are discussed first hurdles in 
present regulations have to be determined which 
prohibit automated driving functions. These 
barriers would have to be removed to make 
automated systems approvable. Doing this would 
not be enough because this would not imply that a 
set of minimum requirements is put on automated 
systems to ensure road safety. The main task 
therefore is to elaborate and establish such 
performance requirements so that an approval is 
only granted if this minimum of technical 
specifications is fulfilled. 

REQUIREMENTS FOR AUTOMATICALLY 
COMMANDED STEERING 

STATUS QUO OF THE REGULATION ON 
STEERING SYSTEMS 
An outstanding role in the course of revising the 
technical regulations for motor vehicles in order to 
enable automated driving as mentioned in chapter 
1 has UN Regulation No. 79 [1]. 
UN-R 79 "Uniform provisions concerning the 
approval of vehicles with regard to steering 
equipment" already knows a discrimination of 
steering systems into classes depending on the 
degree of splitting the driving task between driver 
and system. Even in the introduction of the 
regulation it is explained which kind of driver 
assistance is already reflected by the text of the 
regulation and why this was done: 
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Advancing technology, coupled with the wish to 
improve occupant safety by elimination of the 
mechanical steering column, and the production 
advantages associated with easier transfer of the 
steering control between left and right hand drive 
vehicles, has led to a review of the traditional 
approach and the Regulation is now amended to 
take account of the new technologies.  Accordingly 
it will now be possible to have steering systems in 
which there is not any positive mechanical 
connection between the steering control and the 
road wheels  
Systems whereby the driver remains in primary 
control of the vehicle but may be helped by the 
steering system being influenced by signals 
initiated on-board the vehicle are defined as 
"Advanced Driver Assistance Steering Systems".  
Such Systems can incorporate an "Automatically 
Commanded Steering Function", for example, 
using passive infrastructure features to assist the 
driver in keeping the vehicle on an ideal path 
(Lane Guidance, Lane Keeping or Heading 
Control), to assist the driver in manoeuvring the 
vehicle at low speed in confined spaces or to assist 
the driver in coming to rest at a pre-defined point 
(Bus Stop Guidance).  Advanced Driver Assistance 
Steering Systems can also incorporate a 
"Corrective Steering Function" that, for example, 
warns the driver of any deviation from the chosen 
lane (Lane Departure Warning), corrects the 
steering angle to prevent departure from the 
chosen lane (Lane Departure Avoidance) or 
corrects the steering angle of one or more wheels 
to improve the vehicle’s dynamic behaviour or 
stability. 
In the case of any Advanced Driver Assistance 
Steering System, the driver can, at all times, 
choose to override the assistance function by 
deliberate action, for example, to avoid an 
unforeseen object in the road. 
It is anticipated that future technology will also 
allow steering to be influenced or controlled by 
sensors and signals generated either on or off-
board the vehicle. This has led to several concerns 
regarding responsibility for the primary control of 
the vehicle and the absence of any internationally 
agreed data transmission protocols with respect to 
off-board or external control of steering. 
Therefore, the Regulation does not permit the 
general approval of systems that incorporate 
functions by which the steering can be controlled 
by external signals, for example, transmitted from 
roadside beacons or active features embedded into 
the road surface.  Such systems, which do not 
require the presence of a driver, have been defined 
as "Autonomous Steering Systems". 

The classification of steering systems however 
does not mirror the well known levels of 
automation according to Gasser et al. [3] or SAE 
[4]. The definitions of UN-R 79 read: 
2.3.3. "Autonomous Steering System" means a 
system that incorporates a function within a 
complex electronic control system that causes the 
vehicle to follow a defined path or to alter its path 
in response to signals initiated and transmitted 
from off-board the vehicle. The driver will not 
necessarily be in primary control of the vehicle. 
2.3.4. "Advanced Driver Assistance Steering 
System" means a system, additional to the main 
steering system, that provides assistance to the 
driver in steering the vehicle but in which the 
driver remains at all times in primary control of 
the vehicle.  It comprises one or both of the 
following functions: 
2.3.4.1. "Automatically commanded steering 
function" means the function within a complex 
electronic control system where actuation of the 
steering system can result from automatic 
evaluation of signals initiated on-board the 
vehicle, possibly in conjunction with passive 
infrastructure features, to generate continuous 
control action in order to assist the driver in 
following a particular path, in low speed 
manoeuvring or parking operations. 
2.3.4.2. "Corrective steering function" means the 
discontinuous control function within a complex 
electronic control system whereby, for a limited 
duration, changes to the steering angle of one or 
more wheels may result from the automatic 
evaluation of signals initiated on-board the 
vehicle, in order to maintain the basic desired path 
of the vehicle or to influence the vehicle’s dynamic 
behaviour. 
Systems that do not themselves positively actuate 
the steering system but that, possibly in 
conjunction with passive infrastructure features, 
simply warn the driver of a deviation from the 
ideal path of the vehicle, or of an unseen hazard, 
by means of a tactile warning transmitted through 
the steering control, are also considered to be 
corrective steering. 
Besides manual steering thus there is 
• the "Autonomous Steering System", which 

describes control of the steering system on the 
basis of signals and information coming from 
outside the vehicle, 

• the "Automatically Commanded Steering 
Function" (ACSF), where the operation of the 
steering system is carried out continuously and 
automatically on the basis of vehicle sensors 
and possibly additional passive infrastructure 
elements in order to follow a certain path, 
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• the "Corrective Steering Function" (CSF), 
where the steering angle is discontinuously and 
for a short time period corrected automatically 
in order to follow the desired path or in order to 
influence driving dynamics. 

"Corrective Steering" is permitted. "Autonomous 
Steering" is prohibited, that means it is out of the 
scope of UN-R 79. For "Automatically 
Commanded Steering Functions" the situation is 
less simple. These functions are only allowed in a 
limited speed range for steering manoeuvres up to 
a speed of 10 km/h: 
5.1.6.1. Whenever the Automatically Commanded 
Steering function becomes operational, this shall 
be indicated to the driver and the control action 
shall be automatically disabled if the vehicle speed 
exceeds the set limit of 10 km/h by more than 
20 per cent or the signals to be evaluated are no 
longer being received. Any termination of control 
shall produce a short but distinctive driver 
warning by a visual signal and either an acoustic 
signal or by imposing a tactile warning signal on 
the steering control. 
 
STEPS TAKEN TO AMEND UN-R 79 
To enable automated driving it is therefore 
necessary to remove the restriction for 
automatically commanded steering which means to 
delete the 10 km/h limit and replace it by new 
smart requirements. 
Simply skipping the 10 km/h limit would allow to 
have a continuously automated lateral control of 
the vehicle so that automated steering would be 
approvable from a technical point of view. In 
addition however it is very important to consider 
under which conditions and with which 
requirements for the steering system automatically 
commanded steering should be permitted. Here 
presumably the greatest amount of work is hidden 
when UN-R 79 is to be revised. The pure need for 
revision is primarily independent of the level of 
automation. However the number and quality of 
performance requirements will of course have to 
differ depending on the level of automation. 
To pave the way for a revision of UN-R 79 and to 
carry out the work, already in February of the year 
2015 an "Informal Working Group" on ACSF 
(Automatically Commanded Steering Functions) 
was established under GRRF (working group on 
brakes and running gear of UNECE WP.29). In the 
following chapters some essential items being of 
basic importance for the work of the informal 
group will be presented and discussed. Even 
though the maturity of some proposals for 
changing Regulation No. 79 is already quite high 
care has to be taken since all proposed measures 

are preliminary and might be subject to change 
until a new version of the regulation is endorsed. 
Nevertheless the findings presented here are of 
principal meaning and are reasonable in terms of 
the obligations of legislators when finding 
solutions to enable the approval of automated 
driving functions. Therefore special emphasis is 
laid on the logic behind the proposals for new 
requirements and the scientific perspective on it. 
 
BASIC ITEMS AND TASKS 
The informal working group that has been 
established has the accepted objective to enable 
automatic steering and make it approvable. The 
framework, scope and terms of reference of this 
work were given by GRRF and WP.29 [2]. 
There is one essential prerequisite for the 
development of new performance requirements for 
automated steering: The driver is still obliged to 
monitor the driving all the time. This condition 
follows the principle that it is not allowed for the 
driver to turn away from the driving tasks. Using 
the terminology of levels of automation according 
to Gasser et al. [3] which are as well mirrored by 
SAE J3016 [4], requirements are elaborated for 
level 2 systems namely partial automation. 
Although requirements for systems aiming at level 
3 will have to be more strict than for level 2 the 
work of the group when finalised can serve as a 
sound basis for an upgrade then addressing level 3 
since a lot of thoughts needed for level 3 are 
already reflected for level 2 systems. 
Another prerequisite is that the automated steering 
function shall be designed such that the driver can 
override or switch off the system at all times. 
While proposing requirements care shall be taken 
that automated steering shall be at least as safe as 
manual steering. This leads to a catalogue of needs 
for the demanded functionalities of the system: 
The system shall safely do what it is designed for 
(safe operation of the use case). The conditions for 
activation have to be defined. Precautions for 
functional safety and the case of a failure have to 
be taken; here annex 6 of UN-R 79 for complex 
electronic systems can serve as a basis. Provisions 
for periodical technical inspection have to be put 
as well. 
Special emphasis must be laid on the design of a 
safe transition from automated steering back to 
manual steering. In addition it has to be considered 
how to deal with the case that the driver does not 
take over control of the steering even if he was 
intensely requested to do so. 
There will have to be requirements for the 
arrangement of the human machine interaction 
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especially in terms of operation, signalling and 
warning. They should at least comprise: 
• display of failures, 
• request to the driver to steer manually in case 

of system boundaries (end of the use case), 
• ensure mode awareness for the driver, 
• detect and warn if the driver fails in surveilling 

the driving task so that he would not be able to 
follow a transition request properly. 

It becomes obvious that in case of an automation 
of the driving task it is highly needed to take 
human capabilities into account because the 
driving task will be split between driver and 
vehicle. The human being has in the automated 
mode still the role to surveil the system 
permanently (if we follow the above mentioned 
prerequisite for the informal group or in case of a 
level 2 system respectively). But exactly at this 
point human drivers do very soon reach their limit 
in terms of being capable to surveil and monitor a 
system continuously and for longer time periods. 
Drivers might be unchallenged so that 
attentiveness and vigilance will suffer (see on this 
e.g. explanations from Schlag [5]). Furthermore it 
can absolutely be conceived that the automated 
driving function works that perfectly that the 
driver is encouraged to turn away from the driving 
task and starts to do something else. 
All these aspects sketched above must not be 
neglected if provisions for automated steering are 
elaborated. To cope with the problems mentioned 
several approaches could be taken: 
As a simple solution one could ensure that 
longitudinal and lateral control of a vehicle are not 
carried out automatically at the same time in order 
to force the driver to be part of performing the 
driving task. Automated steering would then imply 
that ACC (Adaptive Cruise Control) or CC (Cruise 
Control) or even a speed limiter cannot be 
activated together with the automated steering. As 
a result all levels of automation beginning from 
level 2 (partial automation) would be impossible. 
Another approach would be to design the 
longitudinal and lateral control deliberately that 
poor that the driver does not dare to turn away. 
Here the question arises how legislation could 
demand a certain degree of imperfection without 
being accused to neglect possible safety concerns. 
Since both solutions mentioned above do not seem 
to be completely satisfying for partial automation, 
in the following a third approach is outlined. The 
basic dependencies covering this approach are as 
well sketched in Figures 1 and 2. 
It seems to be more reasonable to care that the 
driver always keeps a certain level of vigilance and 
attention. Here a system that checks the driver 

availability can be helpful by means of applying a 
warning or guiding the driver back to manual 
steering if attentiveness is imminent to decrease. 
However, also a driver availability control can still 
fail and suppose that the driver is attentive even if 
he is not so that strategies have to be defined how 
traffic safety can be guaranteed in these situations 
as well. At least at this point the vehicle will have 
to be equipped with technology that was perhaps 
primarily foreseen for conditional automation 
(level 3). 
 

 
Figure 1. Basic sketch of dependencies to identify 
regulatory needs for automatically commanded 
steering functions, case 1: driver being attentive 
 
An impressive example is - as it is if the vehicle is 
driven manually - the danger of a sudden 
unexpected and critical event which might be an 
accident of the vehicle ahead, crossing deer or 
pedestrians who in an instant step on the road, 
narrowly cutting in vehicles or something else. 
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It might of course be the case that an attentive 
driver would master the situation even if driving 
was in the automated mode during the relevant 
situation because he reacted properly and 
overruled the steering by his manual input. 
However the assumption that this optimal 
behaviour would occur at every time and in every 
situation would be careless. It would be as well 
careless to hope that with a transition request the 
driver would be enabled to handle the situation 
safely since here the time for a safe transition 
procedure is of course too short. This leads to the 
conclusion that sudden unexpected events have be 
handled by technical means. Up to now known and 
state of the art are automatic emergency braking 
systems (AEBS), which initiate a braking 
manoeuvre with the aim to avoid a collision with 
an obstacle or other road user. 
 

 
Figure 2. Basic sketch of dependencies to identify 
regulatory needs for automatically commanded 
steering functions, case 2: driver being 
inattentive 
 
There are already performance requirements for 
such systems fixed in UN-R 131 for heavy goods 
vehicles and buses. For passenger cars 
requirements would have to be defined. It can be 
scrutinised if UN-R 79 actually addressing the 
steering system is the right place to lay down such 
provisions. As in the case of buses and goods 
vehicles one could imagine a new separate 
regulation or discuss about integrating 
requirements in the existing UN-R 13 H (braking 
systems). In the end also an own regulation for the 
item "automated longitudinal and lateral control" 
could be an option. 

It is however important to name a significant 
difference between automatic emergency braking 
systems which already exist for heavy vehicles or 
passenger cars and automatic emergency braking 
systems for automated driving. The conventional 
AEBS systems take into account that the driver 
might have in terms of driving manoeuvre another 
desire than full braking, e. g. steering around an 
obstacle. For that purpose normally the emergency 
braking comes only after a cascade of warnings 
and partial braking. Thus the driver shall be 
enabled to master the situation by himself without 
being patronised by the system. In doing so also 
the reaction time of the driver is considered, which 
leads to a reduction of the time available for full 
braking. In contrast, in case of an automated 
system with the driver being not directly involved 
in the driving task, time would be too short for 
enabling him to get situation awareness or hands 
on and manually solve the situation. So the system 
itself has to act and as an advantage the system 
does not have to take into account a driver wish or 
his reaction time but can act immediately without 
delay. 
 
CATEGORISING SYSTEMS AND 
FUNCTIONALITIES 
Taxonomy of systems that automatically steer a 
vehicle can be based on different criteria. Of 
course all systems carry out a kind of lateral 
control. This control can be performed under the 
following conditions: 
• the driver having hands on or hands off the 

steering control, 
• lateral control within the present lane or with 

lane change, 
• in different speed ranges, 
• on different road categories, 
• only for the purpose of stabilising the vehicle 

dynamics, 
• only for the purpose to avoid a collision. 
Systems for automatically commanded steering are 
foreseen to be subdivided into five Categories A to 
E. 
Category A describes systems in the low speed 
range up to 10 km/h. This could be e.g. systems for 
automatic parking manoeuvres, with or without 
remote control. Category A and parking system 
will not be discussed further. 
The major discrimination of the other systems is 
between lane keeping and lane change. Category B 
will describe lane keeping, category C to E will 
describe lane changing functions. 
Lane Keeping Assist Systems (LKAS) are on the 
market for several years. But due to the 10 km/h 
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limit they could not be approved as ACSF. To 
overcome this barrier in the past LKAS were 
approved as a corrective steering function (CSF) 
by assuming that lane keeping is done by a series 
of actions correcting the trajectory of the vehicle in 
order to stay on a desired path. In the end this 
interpretation may be seen as a contradiction to the 
condition that CSF has to be discontinuous. 
Continuous lane keeping would actually have to be 
regarded as ACSF. Thus, in order to be able to 
approve present simple but indeed continuous lane 
keeping systems as ACSF a separate category B1 
is needed together with a clarification of 
requirements for CSF. The latter will not be 
discussed here. For the approval of more advanced 
lane keeping systems as ACSF a category B2 is 
foreseen. The essential difference between B1 and 
B2 is the degree of driver involvement in 
controlling the steering. Namely to work, B1 will 
need a permanent driver input on the control in 
terms of holding the control element, i. e. hands 
on. B2 will describe hands off systems that are 
able to carry out the steering task for longer time 
periods without further driver input.  
Also the categories for lane change can at least be 
divided into systems that need some driver input 
and other systems that do not need it. The latter 
just have to be monitored by the driver. The 
difficulty in establishing requirements for the 
systems demanding driver input is to define which 
kind of input of the driver is needed or not in order 
to avoid impairing traffic safety. The essential 
question which has not been solved yet is how far 
the vehicle needs to observe traffic in the adjacent 
lanes and approaching from behind. Again there is 
the dilemma that by demanding a very 
sophisticated system, drivers could over rely on the 
system and neglect their particular part during the 
manoeuvre; demanding less sophisticated systems 
the legislator could be deemed to be careless; 
putting less strict requirements would as well not 
avoid that manufacturers might bring systems on 
the market with improved sensing capabilities. 
The category named C can cover a hands on 
function where the driver initiates the lane change 
by a deliberate action. And the driver has to care 
for checking the traffic environment so that the 
lane change can proceed safely. Additional sensing 
capabilities might be used to safeguard the lane 
change in terms of collision avoidance or blind 
spot monitoring. The challenge for the design of 
the human machine interface and the 
corresponding requirements is to detect and to be 
sure that the driver really wants to perform the lane 
change and to ensure that he is aware of his 
responsibility. 

Category D instead might demand that the vehicle 
is equipped with sensors for recognizing the 
environment to the side and to the rear to be able 
to propose a safe lane change to the driver, which 
has to be confirmed by the driver so to speak as 
double check by both the system and the driver. 
Systems of category E finally can cover the pure 
hands off case for lane changing as B2 does for the 
lane keeping. Here again the driver is just needed 
to surveil the system which carries out the lane 
change without further driver command or 
confirmation. 
In the following sections on the one hand 
reasonable requirements for conventional lane 
keeping systems will be discussed. On the other 
hand sensible considerations for provisions for 
hands off lane keeping and lane change systems 
will be described. Here really new aspects of 
automated steering will have to be regulated, 
namely that the systems will work without 
continuous driver input. For the systems it is just 
presupposed that the driver monitors the system 
and the traffic environment and that he is at any 
time able to take over manual control again, 
especially if he is requested to do so. 
 
REQUIREMENTS FOR CONVENTIONAL 
LANE KEEPING SYSTEMS 
Since there are already many properly working 
lane keeping assist systems on the market without 
showing relevant shortcomings in safety the 
requirements for such systems might be restricted 
to a minimum. However some recent examples of 
systems are designed in a way that safety concerns 
have raised. For the driver it remained unclear in a 
lot of situations if the system has reached the 
boundary of its use case, i.e. remaining active 
although the conditions for keeping properly the 
lane are no longer fulfilled. This shows that the 
simple approach is not fully tenable. 
There should be a requirement for the functionality 
of lane keeping so that it is checked if the system 
fulfils what it is designed for. The lane keeping 
shall be done without crossing the lane markings. 
Since the systems needs the driver input there has 
to be detection if the driver holds the steering 
control. Thus a warning is to be given if the system 
is driven hands off for a certain and short time 
span. 
By means of this provision it is more difficult to 
misuse the lane keeping system in terms of turning 
away from the traffic scene. At the same time there 
is a clear borderline to systems of category B2 
which work without input of the driver to the 
control element as long as they are active. As 
mentioned above every lane keeping system should 
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clearly inform the driver if it is no longer able to 
perform the lane keeping task, e. g. in case of weak 
markings, weather conditions or curve radius and 
vehicle speed. 
 
REQUIREMENTS FOR LANE KEEPING AND 
LANE CHANGE SYSTEMS NEEDING NO 
CONTINUOUS DRIVER INPUT 
Every regulation for motor vehicle needs a list of 
definitions introducing and explaining the used 
terms on which requirements can then be based. So 
some important definitions that are essential for 
the system specifications are listed first. In the 
following sections then different kinds of 
reasonable requirements for the sake of road safety 
are explained. 
 
Definitions 
There are up to now no higher speed ACSF 
systems on the market due to the 10 km/h limit. 
One can conceive a lot of different kinds of ACSF 
systems having each a special use case like stop 
and go assist, congestion assist, highway assist, 
road works assist and so on. In order not to 
exclude a sensible application of an ACSF system 
the legislator should not restrict the possible use 
cases unnecessarily. Thus it is - except of some 
explicitly forbidden conditions - up to the 
manufacturer to define the system boundaries of 
his ACSF system like speed range, lateral 
acceleration range, possible lane width etc.. So the 
new concept is that the manufacturer has to specify 
the use case for which then the regulation sets 
minimum requirements. As definitions that is 
reflected by: 
• "Specified maximum speed vsmax " means the 

maximum speed up to which an ACSF is 
designed to operate under normal operating 
conditions. 

• "Specified minimum speed vsmin”…  
• "Specified maximum lateral acceleration 

aysmax”…  
• "Normal operating conditions" mean that the 

ACSF system is active and does neither carry 
out a transition procedure nor a Minimal Risk 
Manoeuvre nor an Emergency Manoeuvre. 

• “Conditions for operation“ mean 
circumstances like traffic situation, road 
category, quality of lane markings, vehicle 
speed, curvature of the road, lighting, sensor 
capabilities etc. specified by the vehicle 
manufacturer, where the system is designed to 
operate. 

• "System boundaries" mean all circumstances 
from which on the conditions for operation are 
not fulfilled anymore. 

Since parts of the driving task are carried out by 
the system only as long as the system is able to do 
this safely, handing over the steering task back to 
the driver is needed whenever system boundaries 
are reached. The need for checking if the driver is 
available to take over manual control is covered as 
well as the case that the driver fails in taking over: 
• "Transition demand" means an instruction from 

the ACSF that the driver has to take over 
control of the steering task again. 

• "Transition procedure" means the sequence of 
providing a transition demand by the system, 
taking over steering control by the driver and 
deactivation of the ACSF. 

• “Driver availability recognition system” means 
a function able to assess driver’s availability to 
respond to a transition demand. 

• "Minimal risk manoeuvre" means a procedure 
aimed at minimizing risks in traffic, which is 
automatically performed by the system, e.g. 
when the driver does not respond to a 
transition demand. 

Furthermore the definitions already mirror the 
need for an automatic emergency braking: 
• "Emergency Manoeuvre” is a manoeuvre 

performed by the system in case of a sudden 
unexpected event in which the vehicle is in 
imminent danger to collide with another object, 
with the purpose to avoid or mitigate a 
collision. 

• “Protective deceleration" means an application 
of the brakes of the vehicle by the system in 
order to decelerate the vehicle. 

 
System modes und activation 
For the driver it is important that he is aware 
which modes the system can be switched into and 
which is the present mode the system is in. 
Switching the system on changes the system mode 
from "off" to "standby". Also a default standby 
mode is thinkable. The essential change is from 
standby to active which has to be done by the 
driver deliberately. However the system shall be 
only able to be switched into the active mode if the 
conditions for a safe operation are fulfilled. That 
means the vehicle is in a situation within the 
system boundaries and all external conditions like 
road category, weather, properly working sensors, 
algorithms and actuators support the activation of 
the system. Deactivating the system or switching it 
off by the driver must be possible at any time. If a 
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failure occurs the system has to switch into failure 
mode. 
 
Warnings and signalling 
It has to be displayed to the driver in which mode 
the system actually is (except it is in off mode). 
Especially the change from one mode into another 
has to be signalled clearly. Failures have to be 
indicated. Warnings have to be given if the driver 
is detected to be unavailable to take over manual 
steering control or if he has unbuckled. 
Since it is the aim to absolutely avoid new risks 
being imposed due to the introduction of 
automated steering the design of the transition 
procedure is of highest importance. A transition 
demand therefore should use two warning means 
using different sensing channels of the driver like 
optic and acoustic. 
 
Performing driving manoeuvres 
For the execution of driving tasks like lane keeping 
and lane changing there is the precondition that the 
manoeuvres must be clear to other road users and 
shall be carried out only if this is possible without 
impairing safety. In addition, other road users shall 
not be forced to undertake abrupt actions like 
braking or steering to avoid a critical situation. 
Especially safety distances to other road uses have 
to be kept so that an operation of the brakes by the 
system has to be possible for an automatically 
commanded steering system which can be driven 
without continuous driver command and driver 
confirmation. As a consequence a kind of 
longitudinal control for traffic safety has to be 
done by the system in addition to the lateral 
control. When changing lanes this comprises the 
observation of vehicles ahead, in the adjacent lane 
and especially of such vehicles that approach from 
the back. If traffic, differential speeds, sensor 
shortcomings or other circumstances do not allow 
that the system can decide if a safe manoeuvre is 
possible a lane change must not be carried out. A 
lane change has to be signalled to other road users 
by the direction indicator in advance of crossing a 
lane marking. (for automatic activation of the 
direction indicator an amendment of UN-R 48 will 
presumably be necessary). Also cutting in after an 
overtaking manoeuvre must occur with the 
demanded safety distance and activation of the 
direction indicator. If it turns out during a 
manoeuvre that it is not possible to complete it 
safely, it has to b aborted in a safe manner. 
Principally a system has to take into account if the 
vehicle is on the appropriate road category for 
activation and for carrying out certain manoeuvres 
(e. g. no oncoming traffic, constructional 

separation to opposite traffic, no pedestrians or 
bicyclists permitted, at least two lanes for the 
direction of traffic). In addition the system has to 
consider which ambient conditions are present 
when deciding on the performance of certain 
manoeuvres or on the speed that should be 
selected. That means that it will be necessary for 
the system to reduce the maximum possible speed 
of the functionality whenever the weather is worse, 
the vision of sensors is impaired or the road does 
not deliver good adhesion anymore. 
Altogether the requirements mentioned ensure that 
the system being activated regards the rules of the 
rode code. The system shall not be active if it is 
not able to handle the present traffic situation 
correctly. Since the driver might not be good in 
surveilling the system or since the system might 
encourage the driver to rely on it too deeply a clear 
signal to the driver is necessary if the system 
boundaries are reached in any way so that then the 
conventional manual mode can replace the 
automated mode. 
 
Transition 
The most important and at the same time new issue 
is the transition from automated to manual steering 
because it is characteristic for the temporary 
automation of a driving task. It is at the latest 
needed whenever system boundaries are reached. 
The more time is available for the transition 
procedure, i. e. until the driver has to carry out the 
driving task alone, the safer the transition should 
be. However due to the vast number of possible 
traffic situations there will of course be situations 
in which the time available for transition is short 
or even too short. Especially in case of level 2 
systems where the driver is expected to be 
permanently attentive and ready to take over, the 
system will not be able from a technical point of 
view to cover lots of seconds of driving after 
having system boundaries already passed. For that 
purpose one could talk about a "hands on time" 
rather than a real transition time. Furthermore a 
distinction of cases has to be made: 
First there may be situations for which the system 
knows in advance or anticipates that a transition is 
to occur soon. This might be the case because the 
system knows the route and based on the map 
envisages the end of a motorway or the need to 
exit the road or that there will be only one lane in 
the direction of traffic. Based on research by 
NTSEL (National Traffic Safety and Environment 
Laboratory, Japan) [6] carried out in a driving 
simulator an appropriate hands on time could be 
about four seconds so that the transition procedure 
has to offer the driver this amount of time before 
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manual driving becomes inevitable. During this 
time the system has to still control the steering 
task. As a side remark, for conditional automation 
with the absolute order to the driver to monitor 
being lacking, the requirements and parameters for 
the transition will surely have to be reworked. 
Second there may be situations for which the 
system boundaries are reached suddenly, which 
however are not critical at all. This might be a 
missing lane marking a narrow curve demanding a 
higher lateral acceleration than foreseen for the use 
case or a sensor being covered by a leaf. Of course 
here is needed a transition request at once. The 
system then shall control the steering for a further 
few seconds, namely the hands on time mentioned 
above, to provide the driver with time for taking 
over control. This should also be feasible 
technically easy because at the point in time at 
which system boundaries are reached the system 
has information about the road ahead and the 
trajectory that was already planned. More time can 
be gained by moderately reducing vehicle speed in 
such a case. 
Third there may be situations for which the system 
boundaries are reached suddenly and which are 
critical because e. g. there is the danger of a 
collision. This could be an obstacle on the road, a 
vehicle ahead braking sharply, a cutting in vehicle 
without safety gap, an accident ahead or a crossing 
big animal. Here as well a transition demand has to 
be given immediately. The demand however has 
rather the meaning of a warning that something 
dangerous is taking place, because in such 
situations the driver will very often not have the 
time to take over the steering and to handle the 
situation safely. Just the reaction time of the driver 
would be that long that a collision would be 
inevitable. It is therefore important that the system 
is able to act itself by initiating an emergency 
manoeuvre (see below) without waiting for the 
driver to take over control.  
 
Minimal risk manoeuvre 
Actually the following situation should not occur 
for partial automation, in fact that a driver does not 
take over control when this is needed. Nevertheless 
also this case should be safeguarded technically. 
Depending on the prevailing traffic situation there 
might be completely different best strategies to 
reach a status of less risk than before. This might 
be flashing the hazard lights, reducing speed, 
braking, stopping or even changing the lane 
towards the road edge. This variety nearly impedes 
to make a certain manoeuvre mandatory. 

Sudden critical situations 
In sudden critical situations in which the time for a 
safe transition procedure is too short because a 
collision is imminent and could not be anticipated 
before, a reasonable emergency reaction has to be 
carried out by the system itself. This could be 
emergency steering around an obstacle or 
emergency braking. For steering around enough 
space is needed beside the obstacle and traffic 
from behind must not be endangered so that all this 
has to be checked by the system. Since the 
conditions for a safe emergency steering 
manoeuvre are not always given collision 
avoidance by steering cannot be mandated. In 
contrast emergency braking is a sensible option for 
sudden critical situations generally. The aim must 
be the complete avoidance of an accident. To act 
this way the system has to be able to operate the 
brakes up to the full braking performance. Positive 
side effect of this capability is that sensors, 
algorithms and actuators are fitted to the vehicle 
and can be used as collision avoidance system 
even if ACSF is not active. 
 
Driver availability detection 
Besides checking if the driver is belted and on his 
seat it should be permanently observed by the 
system if the driver is attentive so that he can steer 
manually whenever this is requested. Equipment 
for this monitoring task is at different stages of 
maturity today and is partially rather on a research 
level than to be fitted in series production. 
However systems like detection of head and eye 
movement could be considered. Or detection of 
actions of the driver like operating air condition or 
radio could be used to detect driver availability. If 
such a check does not ascertain driver activity a 
warning has to be given to the driver and a 
transition could be initiated. 
 
CONCLUSIONS 
 
There are several issues within internationally 
harmonised regulations for motor vehicles that 
have to be dealt with to eliminate constraints and 
to establish reasonable requirements in order to 
realise automated driving functions in the near 
future. 
The essential item that has to be overcome at first 
place is the permission of automatically 
commanded steering above 10 km/h. However, 
each removal of a certain barrier for automated 
driving functions will of course have to be 
accompanied by setting reasonable new technical 
requirements for type approval in order to ensure a 
desired safety level. For the case of partial 
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automation a set of requirements was elaborated on 
a scientific basis by theoretically analysing the 
safety relevant aspects of automated steering. It 
was taken into account that for automated driving 
functions there is obviously the need to consider 
human performance because the division of work 
between driver and vehicle carrying out the driving 
task is distributed differently the higher the level 
of automation becomes. For partial automation the 
role of the human being is at least to constantly 
monitor the system. However, drivers quickly 
reach their limits here: low demand may cause 
situations of too little workload of the driver so 
that attention and vigilance suffer. Furthermore, it 
is quite conceivable that the automated feature 
works so perfectly that it encourages the driver to 
turn away from the driving task. The result of these 
relationships is that requirements for automated 
steering already for level 2 have to cover the 
following major items: properly carrying out the 
use case in terms of driving manoeuvres without 
endangering any road user, safe transition 
procedure if system boundaries are reached, ability 
of the system to handle sudden critical events by 
automatic emergency braking, ensuring the 
availability of the driver and ensuring mode 
awareness of the driver. The findings described 
above are incorporated in the work of an informal 
working group which was established under the 
working group on brakes and running gear of 
UNECE WP.29 to prepare a revision of the UN 
Regulation on steering systems. 
For further steps in automation (level 3 and higher) 
a rework of the minimum performance 
requirements for automated steering or automated 
braking functions currently being elaborated within 
the UNECE framework will definitely have to take 
place. Especially parameters of the transition 
procedure will have to be considered carefully 
again. Also issues like redundancy of sensors and 
actuators will play a role and have to be defined 
then. 
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ABSTRACT 
 
Based on the police recorded accident data in the German federal state of Saxony (2007-2014), 9.3 % (approx. 

85,000) of all accidents involve animals. In 2015, 2,580 accidents involving animals caused injuries in Germany. In 

order to design ADAS (Advanced Driver Assistance System) in a way that helps to avoid such accidents, it is necessary 

to understand the animals’ behavior. Current methods to observe animal behavior are using vehicle mounted NDS 

(Naturalistic Driving Study) data. This kind of NDS is expensive considering the number of relevant data sets 

recorded. This paper delivers the results of a one-year field study that used a new methodology based on in-situ 

recording units integrated in the infrastructure at critical sites. This way, vast data sets of animal street crossing 

scenarios can be generated in a quality similar to the one of NDS methods - yet at a relatively low cost. 

 

The definition of the scenarios is based on an in-depth investigation method which was presented at the ESAR 

conference (Hannover, Germany) in 2016 and is called “AIMATS”. An accident data analysis of approx. 85,000 police 

recorded accidents with wild animal involvement in Germany made it possible to identify locations with a high 

possibility of accidents involving animals. These locations were observed by means of an infrared camera with a 

50Hz frame rate. The recorded camera data allowed a detailed analysis of the movement of all road users. An 

automated analysis of the recorded results delivers typical and realistic models of the behavior of animals that have 

encounters with other road users.  

 

For this study, we assumed that the animal behavior at near miss scenarios is the same as their behavior in accident 

scenarios. This has been confirmed.   

 

This paper describes the results of a large-scale infrastructure-based traffic observation using the AIMATS methods. 

This method can be used for all traffic scenarios at a relatively low cost rate per scenario. 
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OBJECTIVE 

Based on the police recorded accident data in the 
German federal state of Saxony (2007-2014), 9.3 % 
(approx. 85,000) of all accidents involve animals. In 
2015, 2,580 accidents involving animals caused 
injuries in Germany. In order to design ADAS 
(Advanced Driver Assistance System) in a way that 
helps to avoid such accidents, it is necessary to 
understand the animals’ behavior. Current methods 
to observe animal behavior are using vehicle 
mounted NDS (Naturalistic Driving Study) data. This 
kind of NDS is expensive considering the number of 
relevant data sets recorded.  

The main objective of this study is to observe normal 
and critical animal street crossing and vehicle 
encounters. The results will be used to define typical 
parameters of animal street crossing behavior and 
compare them with existing studies. The second 
objective is to get very robust results by record and to 
identify 2,500 animal views, 250 animal vehicle 
encounters and 125 real conflict situations between 
animals and vehicles. These results have been 
recorded by using the efficient and economical 
AIMATS – method by which 64 animal views and six 
animal car encounters were recorded in eleven days. 

In order to meet these set objectives, three major 

tasks have to be conducted:  

a) Analysis of basic accident dataset and 
identification of the locations (POI) 

b) Building up the measurement units and 
recording 

c) Post processing with trajectory tracking and 
animal tagging 

 

 

 

The following paper describes all individual steps and 
provides an overview over the overall results and a 
discussion in the end. 

STATE OF THE ART 

The technical state of the art was already presented 

in the first publication of AIMATS in Hannover 2016 in 

[1]. The state of the art in [1] describes the main 

disadvantages of vehicle-based recording (NDS) in 

quantity and quality. Several NDS have been 

concluded such as the 100-Car study [2] or SHRP2 [3],  

both conducted in the US, while others (e.g. European 

UDRIVE [4] ) are currently running. The quantity of 

vehicle-based recording was described in [5] with 

350,000 miles and 829 animal vehicle encounters. It 

also describes the main issues of infrastructure-based 

recording [6-9].  

As a summary it delivers:  

“The recording of critical or normal real traffic 

situations with existing methods has the following 

disadvantages: 

- expensive equipment of the measuring systems 

(all) 

- limitations in recording parameters (NDS) 

- accuracy of recorded parameters (NDS) 

- flexible recording locations (AIM) “ 

 

CHOICE OF MEASUREMENT LOCATION 

The selection of all measurement locations is based 
on the proposition that accidents result from critical 
situations. Thus, accident black spots are black spots 
for critical situations as well and therefore are good 
locations for stationary observation. 
To extract the relevant locations from the police 
recorded accident data a base set of all accident with 
participation of wild animals (encoded by the police 
or classified from accident description) in Saxony and 
south of Brandenburg has been defined. This dataset 
covers the years from 2010 to 2015 and consists of 
over 1 million accidents with wild animals. 
By clustering the data by location, accident black 
spots can be ranked and measuring locations can be 
identified. The clustering is performed at two levels: 
1. pre-selection using 2d density mapping and 
2. distance-based clustering on selected accidents. 
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At the first level, it is necessary to make a pre-
selection of relevant accidents, due to the fact that a 
classical distance-based clustering is very extensive 
for this amount of data. At the second level, an 
agglomerative, distance-based clustering is used with 
a maximum cluster diameter of 150 meter. To tackle 
the problem of possible changes over time, the data 
is additionally weighted by the accident year. New 
accidents gain a weight of 100% and the oldest 
accidents (year 2010) gain only 20%. This leads to a 
cumulated weighted number of accidents (short 
weight) for each cluster. All clusters are ranked by this 
weight.  
The final measurement locations (as seen in Figure 1) 
are part of the top 50 locations where the researchers 
have obtained the permission of local authorities. 
 
Figure 1: Realized Measurement Locations 

 
 
 

USED EQUIPMENT 

The basic approach of the measurement equipment 
is similar the equipment used in [1].  

Since wild animal vehicle encounters mostly happen 
in dusk, dawn or night and mostly in forests, a far 
range infrared camera system was chosen. This allows 
the measurement system to operate independent 
from light conditions. The far range infrared systems 
enables the system to also record native absolute 
anonymous data. 
  
Figure 3: Example of an infrared picture (no faces) 

 
 
The following additional requirements have to be 
taken into account.  

- Waterproofness of all components 
- Independent power supply on the ground 
- Computer and storage as high as possible (to 

prevent theft) 
- Camouflaged camera system (birdhouse-

style)  
The following pictures give an impression of the 
system components: 
 

Figure 2: Basic scheme of measurement equipment [1] 
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Figure 4: Birdhouse-Style camera, and processing box 

 
 
Figure 5: Interior of the processing box 

 
 
Figure 6: Camouflaged power supply on the ground 

 

All components allow a site-independent and fast 
installment of the measurement system.   
 

MEASUREMENT PERIOD 

The measurement process was divided in three 
different phases for each location: 

- Installing process 
- Measuring process 
- De-installing process 

 
Install Process 
During the installation process, a detailed sketch of 
the street in front of the camera has to be produced. 
Once the sketch is ready, reference points for the 
following automated image processing process have 
to be specified and measured. Lighted grave candles 
are a very convenient way to identify reference 
positions. 
 
Figure 7: reference positions with grave candles 

 
 
The last step during the installment process is a 
reference drive through the location at a constant 
speed to adjust the later used algorithms.  
 
Measurement Process 
After the installation the measurement runs round 
about three to four days and 25fps with 24h recording 
enabled. After this time a student investigation team 
changes the power supply and the HDDs with the 
stored data. During the measurement location 
service, the functionality and all recording 
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parameters of the camera system were examined as 
well.  Later, the infrared video material was copied to 
recording servers. 
 
De-installment Process 
After two weeks, the measurement systems were de-
installed. Before the complete de-installation, a 
second reference measurement was conducted to 
ensure that the observed area was still the same as at 
the beginning.  After the de-installment process the 
equipment was cleaned and conditioned for the next 
operation. 
 
During the measurement period, 31 different 
locations distributed all over Saxony (Germany) could 
be measured by using 5 measurement systems. The 
mean measuring time per location was round about 
14 days a season. The first measuring period was in 
spring 2016 and the second period was in autumn 
2016. Repeating the measurements at all locations 
gives the possibility to eliminate season effects. 
 
This makes up a total amount of 14,590 hours of 
infrared video material. The framerate for the 
recording was 25fps. The overall data volume was 164 
TB.  
 
Some examples of the measurement period are given 
in the following.  
 
The first picture shows a large group of 24 boars. This 
gives a first impression of the different scenarios that 
are recordable on streets. 
 
Figure 8: Large group of wild boars 

 
 
The next picture shows a roe on the road and a full 
braking car in reaction to this obstacle 
 

Figure 9: Roe and full braking car 

 
 
The following picture shows three unimpressed roes 
and one deer shortly before a critical situation with 
the approaching car. 
 
Figure 10: Roes and deer before a critical situation 

 
 
The next picture has a very bad quality because of 
heavy rain that night. It shows a group of four wild 
boars which are crossing the street in front of a car. 
 
Figure 11: Group of wild boars in front of a car 

 
 
The following picture shows the second of two roes 
crossing the road shortly before a very close situation 
with the car. 
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Figure 12: crossing roe before a car 

 
 
The next picture shows two tenacious wild boars 
following the leading boar and a car which brakes to 
zero km/h. 
 
Figure 13: wild boars and hard braking car 

 
These are some examples from the whole dataset of 
14,590 hours. The total number of critical scenarios 
will be given in the chapter results. 
 
The AIMATS – approach assumed that critical 
situations of a pre-analyzed accident scenario happen 
very often and are recordable, but that it is nearly 
impossible to record an accident. This statement has 
to be revised. During the study, three real accidents 
(one with three collisions) between vehicles and 
animals could be recorded and are shown in the 
following. 
 
The first recorded accident was an accident with a roe 
coming from the left. The bad quality of the pictures 
is caused by the high zoom level.  

The second very interesting accident is an accident 
with the leading roe of a huge wild boar group in a 
high speed range. The colliding car has an initial speed 
of 130 km/h (100 km/h are allowed) and brakes until 
the collision at 60 km/h. After the collision the car 
evades and does not come back 
There are four further cars, which crash into the dead 
wild boar lying on the street.  
 
 
 
 
Ajhca 
 

 

The last identified accident is an accident with a big 
fox or a badger that comes from the left. The car is 
trying to evade to the right but the evasion could not 
prevent the accident.  
 

 

 
The measured accidents prove the truth of the 
AIMATS – approach. AIMATS is not only able to 
measure critical situations, it is even able to record 
accidents if the locations are identified well.   

IMAGE PROCESSING, TRACKING AND 
CLASSIFICATION 

The analysis of the recorded temperature videos is 
splitted into three phases. First, an image 
segmentation is performed. This means all non- 
static objects are located and projected to the base 
point (on ground level) in world coordinates. 
Second, all object points are tracked over time and 
transferred into trajectories of objects. As a third 
and last step, features are calculated for all 
trajectories. Based on these features, a 
classification is performed. 
 
Image Segmentation 
The image segmentation uses a background 
estimation algorithm (based on a Kalman Filter). 
With respect of the special properties of an 
infrared camera, an additional temperature 

Figure 16: Accident with a badger  

Figure 14: accident with a roe 

Figure 15: Accident with the leading wild boar of a huge 
group  
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stabilization is necessary to reduce the shutter 
effect, which produces big step-like changes in 
absolute temperature values every time the 
camera recalibrates on its shutter. The bounding 
box is calculated for all detected objects and the 
base point is estimated. The base points of all 
detected objects including temperature features 
(e.g. mean/maximum temperature of the object) 
and the corresponding timestamp are the result of 
the first phase (segmentation). 
 
Tracking 
During the tracking phase, all object points should 
be assigned to trajectories. This is realized with a 
Kalman-Filter based tracker that estimates a 
smoothed trajectory and allows the prediction. If 
an object location is close to the predicted 
trajectory position, the object is assigned to the 
trajectory. Otherwise, it starts a new trajectory. In 
a first processing step, only the special distance is 
used. In a second step, the resulting velocity for the 
trajectory is checked and the algorithm allows to 
separate trajectories if the velocity plot is not 
plausible. The smoothing effect of the Kalman 
Filter also compensates the “fuzzy” appearance of 
the object position, due to discretization effects 
esp. for distances between camera and objects 
above 150 m. The result of the second phase are 
object trajectories with smoothed position plots. It 
is important to mention that one trajectories does 
not necessarily represent one object moving 
through the scene. One object could create 
multiple trajectories, e.g. due to occlusions. 
 
Classification 
The third phase implemented the object 
classification. The classification is based on the 
class definition as shown in Figure 17.  
 

 
 
The classification is conducted with a Maximum 
Likelihood Estimation (MLE). For each class a 
multivariate Gaussian distribution is derived from a 
set of training data. This training data set consists 

of more than 10,000 manually annotated objects of 
the named classes. 
The classification achieves an accuracy of 87 % for 
animal detection and over 95 % for vehicle 
detection (according to a leave-one-out cross 
validation). As result of the third phase, all 
trajectories carry an object class. This allows the 
evaluation of all vehicle to animal encounters. 
Using a time-based criterion, an animal to vehicle 
encounter is defined as: 
 

𝑡𝑥 = �̌�𝑣𝑒ℎ𝑖𝑐𝑙𝑒2𝑎𝑛𝑖𝑚𝑎𝑙/�̅�𝑣𝑒ℎ𝑖𝑐𝑙𝑒 , (Equation 1) 
 

where �̌�𝑣𝑒ℎ𝑖𝑐𝑙𝑒2𝑎𝑛𝑖𝑚𝑎𝑙  is minimal Euclidian distance 
between the animal and vehicle trajectory, �̅�𝑣𝑒ℎ𝑖𝑐𝑙𝑒  
the average velocity of the vehicle and 𝑡𝑥 .time-
based criterion for criticality. This criterion allows 
the separation into the groups: encounters (𝑡𝑥 <
3 s)  and critical encounters (𝑡𝑥 < 0.5 s)  (called 
criticals in the following).  
 
To concentrate these high numbers of trajectories 
into a descriptive figure, all vehicle and animal 
trajectories are transformed into a coordinate 
system relative to the vehicle. Thereby, the angle is 
0° for driving direction and positive to the right (in 
driving direction). By generating a distance angle 
histogram, the trajectories of a vehicle passing an 
animal transforms into the trace such as shown in 

the image in Figure 18. 

 
RESULTS 
 
The analysis of the recorded video sequences of all 
measurement locations leads to 48 thousand 
encounters and 15 thousand criticals (based on 
trajectories). 
 
 

Vehicle

Animal

Red Deer

Wild Boar

Fox

other animal

Other

Figure 17: class definition for the classification of 
objects (excerpt) 
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Location of the Animals 

Figure 20 shows the distance-angle-histogram for 

all encounters. It is obvious that most encounters 
happen in front of the car. Within a -15° to 15° 
section the left to right ratio is 40% to 60%. This 

means a slightly higher probability for encounters 
from the right. 
 

 
Figure 19 shows that this characteristic is similar 

for the animals monitored in this study: red deers, 

wild boars and foxes.   

Figure 18: vehicle passing an animal transforms into a 
trace in distance-angle-histogram (relative to vehicle) 

Figure 20: distance-angle-histogram for all encounters 

Figure 19: distance-angle-histogram for all encounters by animal 
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The differences between the animals become 
visible in Figure 21. The figure shows the histogram 
of the animal’s lateral position (normalized 
distance from the middle of the street). The 
distributions shows that foxes are common on the 
street. This corresponds with the impression 
received from reviewing the videos manually. The 
foxes follow the street on lookout for food and hide 
out when a vehicles approaches. Wild boars spend 
a lot of time next to the street (roadside ditch). The 
manual review reveals that they look for food e.g. 
from the oak or beech trees next to the street. For 
red deers, the observation shows that most of 
them just pass the spotted area. This corresponds 
with the more even distribution in Figure 21. 
 

 
 
It is remarkable that the wild boar appear in groups 
whereas foxes and red deers are typically roaming 
their environment on their own.  
 
Initial Spotting Distance 
The spotting distance could not be evaluated from 

the data, because the driver is not monitored 

directly. So the initial spotting distance is 

approximated by the initial distance between 

animal and vehicle. This distance is the Euclidian 

distance of the first trajectory points of an 

encounter.  

 

 

 

 

 

Table 1 shows the average values for the different 

animals. 
 
Table 1 average initial (spotting) distance 

Animal Avg. Initial Distance 

Red Deer 29.6 m 

Wild Boar 31.6 m 

Foxes 30.3 m 

 
Speed of Vehicles 
The vehicle speed is important for the design of 
assistance functions as well as passive safety. The 
average speed of all vehicles (no encounters) and 
all locations is 85.5 km/h. Table 2 shows the 
average of speed of vehicles in encounter 
situations. The speed of the vehicles are only 
approx. 5 km/h lower compared to non-encounter 
situations. The average speeds are higher than 
expected from the comparative study. The reason 
for this might be the fact that this study surveils 
larger streets. 
 
Table 2 average speed of vehicles in encounter situations 

Animal Avg. Vehicle Speed 

Red Deer 78.9 km/h 

Wild Boar 80.2 km/h 

Foxes 79.1 km/h 

 
Speed of Animals 
Beside the speed of the vehicles, the speed of the 
animals allows several discussion on animal 
reactions. 
 

Table 3 shows the average speed of animals 

subdivided by animal, situation (non-encounter, 
encounter and critical) as well as the location of the 
animal (on/off street). Red deers have the highest 
average speed of 9.8 km/h (overall average), 
compared to foxes (2.6 km/h) and wild boars 
(2.2 km/h). All animals move fast on streets. For 
wild boars and foxes, the average speed also 
increases when the criticality rises - as expected. 
Remarkable is the behavior of red deers. They show 
a decreasing average speed off street, but in critical 
on-street situation, the average is lower than the 
other on-street values. This could be a reaction 
caused by dazzle. 
 

  

Figure 21: lateral position of the animals (relative to the 
street) 
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Table 3 average speed of animals by situation and 
location 

situation location 
average speed in km/h 

red deer wild boar fox 

non-
encounter 

off street 9.6 1.1 1.7 

on street 10.5  1.9 2.1 

encounter 
off street 8.0  1.2 1.7 

on street 10.8  2.6 2.4 

critical 
off street 7.6  1.4 2.0 

on street 10.1  2.6 3.0 

 
Estimated Time To Collision 
The time to collision is approximated by the 
quotient of the distance between animal and 
vehicle and the average speed of the vehicle. A real 
TTC could only be calculated for crossing 
trajectories of animals and vehicles. This requires a 
prediction of the trajectories. The approximation 
uses the simple model, the vehicle moves on 
constant speed. The speed and direction of the 
animal are neglected here, due to the fact that the 
reaction of the animal is hard to predict. Table 4 
shows the estimated TTCs (median) for the 
different animals. 
 
Table 4 median TTC by animal 

Animal Median TTC 

Red Deer 1.3 s 

Wild Boar 1.4 s 

Foxes 1.3 s 

 
 
 
 
 
 

Distance When Driver Applies Break 
The distance when the driver applies the break, 
cannot be derived directly from the trajectories, 
because this moment is often not visible due to the 
limited field of view. As an approximation, the 
average initial distance of all breaking drivers is 
calculated. The distinction between breaking and 
non-breaking driver is based on the average 
deceleration of the vehicle, if the deceleration of 

the vehicle exceeds 2 m/s². Table 5 shows the 

estimated average distance when the driver 
applies the brake. 
 
Table 5 average distance when driver applies brake 

Animal Avg. Distance Braking 

Red Deer 33.1 m 

Wild Boar 34.3 m 

Foxes 33.3 m 

 
Impact Location 
 

Figure 22 shows the distance-angle histogram for 

criticals (up to 5 m distance) to get an impression 
of possible impact locations. For red deers and 
foxes, a preference to the front is visible. For wild 
boars, clusters arise in front as well as on the side. 
The monitored accidents fit into these 
propositions. The roe impacts into the front of the 
vehicle. At the first wild boar accident, the animal 
impacts into the side. In the second accident in the 
following traffic, the impact location is in front of 
the car. 
 

  

 
Figure 22: estimation of impact location by animals 
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In comparison to the state of the art [10] all results 

are arranged in Table 6. 

Table 6 summary of results (comparison to state of the 
art) 

Parameter Deer Wild Boar Fox 

Animal 

Location 
left / right left / right 

left / 

right 

No. of Animals single groups single 

Lighting 

Conditions 

dark, 

sunrise/ 

sunset 

dark, 

sr/ss 

dark, 

sr/ss 

Initial Distance 29.6 m 31.6 m 30.3 m 

Vehicle Speed 

(at encounter) 
78.9 kph 80.2 kph 79.1 kph 

Animal Speed 

(at encounter) 
2.7 m/s 0.6 m/s 0.7 m/s 

Estimated TTC 1.4 s 1.5 s 1.5 s 

Distance when 

driver applied 

brake 

33.1 m 34.3 m 33.3 m 

Impact 

Location 
front front/side front 

DISCUSSION AND OUTLOOK 

Using the AIMATS- scheme was the first time to 
record scenarios in this scale. All results confirm 
the AIMATS assumptions and are even expanded by 
recordings of real traffic accidents. This was 
unexpected. Due to vast amount of recorded data, 
the results are reliable and robust. Furthermore 
the main results of two other studies to describe 
animal- vehicle encounters (SHRP2 and CSRC) [3] 
[10] could be confirmed. 
The summarized final results match in general the 
results which were given by the SAE-Paper [10] of 
CSRC and SHRP2.  
 
The most significant differences were in following 
three categories:  
 

- Vehicle speed at encounter 
- Distance to animal when the driver 

applies the brakes 
- Estimated TTC 

All three points will be discussed in the following.  

The Vehicle speed at encounter in this study is 
round about 79 km/h. The SHRP2 data gives 64 
km/h as an average and the CSRC Data gives 53 
km/h. The higher speeds depend mainly on the 
measurement place and the allowed speeds. This 
study was implemented on rural main roads, which 
gives all drivers the possibility to drive up to, or, in 
many cases, above the speed limit of 80-100 km/h.  

The Distance to animal when the driver applies the 
brakes is in the comparable basic studies between 
10m and 30m. In this study, an average distance of 
33m was calculated. In fact it is no big difference 
but should be discussed as well. The deceleration 
of the car is estimated from the trajectory and the 
25 fps time steps. The used algorithm is not able to 
get a reaction time or that exact measures of a 
NDS- measurement system. One more reason for a 
larger distance could be the higher speed at the 
location that has been discussed above.  

The Estimated TTC in this study is much smaller 
than in both other studies. The CSRC Study gives 
5.5sec and the SHRP2 data gives 1.9sec. This study 
gives an average of 1.5sec. Reasons for the big 
difference is again the much higher traveling 
speed. One important finding related to this short 
TTC is that warning systems will have no realistic 
chance to inform the driver in time. TME and 
Fraunhofer IVI have launched a driving simulator 
study for a different topic in 2016. In the results, 
we could find a realistic reaction time for a 
distracted driver to apply the brakes after optical 
and acoustical warning of 1.5 second (in mean of 
75% of all drivers). For focused drivers the mean 
time is 1.0 seconds (75 % of all drivers). 
 
The efficient and economic AIMATS- method can 
be used to record a huge set of critical scenarios 
moreover some single accident events could be 
investigated.  
 
Nevertheless, further improvements have to be 
developed in future studies.  
The accuracy of the tracking algorithm including 
the handling of hidden parts of participants has to 
be optimized. This can be done by using a higher 
resolution in the infrared camera, other lenses, 
more cameras or by the improvement of the 
algorithms. New hardware components have to be 
defined and tested.  
This can be done by further developing the image 
processing and tracking algorithms which are 
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based on the developments presented in this 
paper. These algorithms should be optimized for 
the detection of animals, cars, bicycles and 
pedestrians. To meet the demands of the more 
complex traffic at intersections, the algorithms 
have to be extended and optimized to 
intersections. 
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ABSTRACT 

Objective: Analysts evaluated insurance claims under collision and property damage liability (PDL) coverage for 
the 2010 Mazda 3 by time of the crash to see if vehicles equipped with Mazda’s adaptive lighting system are 
associated with fewer nighttime claims compared to those without.  
 
Methods: Mazda supplied the Highway Loss Data Institute (HLDI) with the vehicle identification numbers for 2010 
Mazda 3 vehicles that were equipped with Adaptive Front Lighting System (AFLS). Vehicles of the same model 
year and series not identified by Mazda were assumed not to have AFLS and served as the control vehicles. The 
2010 Mazda 3 was selected due to the available exposure (over 100,000 vehicle years insured) and because there 
were no other collision avoidance systems available on this vehicle that might confound with the effect of AFLS. 
HLDI data suppliers provided time of crash information for approximately 57% of claims associated with the 2010 
Mazda 3. Using state-level data on sunrise and sunset times from the U.S. Naval Observatory, 69% of collision 
claims with known crash times were classified as day claims, whereas 23% were classified as night claims and 8% 
as twilight claims. For property damage liability, a higher proportion of claims (75%) occurred during the day, with 
only 17% of claims occurring at night. Regression analysis was used to quantify the effect of AFLS while 
controlling for other covariates, including calendar year, garaging state, vehicle density, age group, gender, marital 
status, deductible range, risk, and vehicle series. Claim frequency was modeled using a Poisson distribution. 
Separate models were constructed for the day and night analyses. 

Results: For both collision and PDL, Mazda’s Adaptive Front Lighting System was found to be associated with 
statistically significant reductions in nighttime claim frequency of 10% and 15%, respectively. During the day, when 
headlights typically would not be in use, there was no statistically significant difference in either collision or PDL 
claim frequencies.  

Discussion: The Insurance Institute for Highway Safety (IIHS) has begun testing and rating the performance of 
automobile headlight systems. A primary motivation for evaluating headlight systems was research by HLDI 
indicating that some curve-adaptive, or steerable lighting systems were associated with reductions in insurance 
losses. While these analyses controlled for potential confounding factors, a key limitation was that information on 
the time of crash was not available. Consequently, the estimated reductions represented the gross effect of the light 
systems on all claims regardless of the time of day. 

This examination of insurance data by time of day revealed that Mazda’s Adaptive Front Lighting System is 
associated with significant reductions in claim rates during nighttime conditions.  

Conclusion: Mazda’s Adaptive Front Lighting System is associated with a lower nighttime claim frequency than 
models with the base headlights. This confirms that the previously reported benefits of adaptive front lighting are 
due to improved illumination for drivers at night. Efforts to promote similar lighting systems will improve vehicle 
safety. 
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INTRODUCTION 

Thirty percent of U.S. traffic fatalities involving 
passenger vehicles during 2014 occurred in dark and 
unlit conditions, while the most recent National 
Household Travel Survey indicates that only 10% of 
passenger vehicle miles traveled are driven between 9 
p.m. and 6 a.m. (Insurance Institute for Highway 
Safety, 2016a). Poor driver visibility is likely to have 
contributed to such nighttime crashes, although other 
factors such as fatigue, impairment, and driving too 
fast for conditions have also been implicated in these 
crashes.  

Several studies have attempted to investigate the 
relationship between lighting conditions and traffic 
crashes. Owens and Sivak (1996) found that both 
reduced visibility and drivers’ consumption of 
alcohol played major roles in nighttime road 
fatalities, with low illumination associated primarily 
with collisions involving pedestrians and cyclists. 
Plainis et al. (2006) compared road injury data under 
dim and bright conditions for two EU countries and 
found low luminance likely to contribute to the 
disproportionate number of traffic injuries that occur 
after dark. Using the illumination provided by the 
different phases of the moon, Sivak et al. (2007) 
estimated 22% more fatalities on nights with a new 
moon versus a full moon.  

A meta-analysis by Elvik (1995) found that public 
lighting could serve as an effective countermeasure to 
reduce nighttime crashes, particularly fatal ones. It 
stands to reason that efforts to improve driver 
visibility with advanced headlight technologies are 
another potential countermeasure that may work to 
reduce crashes in dark, unlit conditions.  

The Highway Loss Data Institute has conducted 
several studies that examined the relationship 
between collision avoidance systems, including 
adaptive, or steerable, lighting systems, and insurance 
losses (HLDI, 2011, 2016a, 2016b, 2016c). In those 
studies, after controlling for the demographic and 
geographic variables available to HLDI, as well as 
for other collision avoidance systems available in the 
vehicle study population, some adaptive lighting 
systems were associated with reductions in collision 
and PDL claim frequencies. The PDL estimate 
ranged from a 1% disbenefit for Acura vehicles to a 
9% benefit for Volvo vehicles and a weighted 
average benefit of 4% as shown in Figure 1. 

 

Figure 1. Effect of adaptive lighting systems on 
physical damage claim frequencies by 
manufacturer. 

However, information on the time of crash was 
unavailable in these studies. Consequently, the 
estimated reductions represented the gross effect of 
the light systems on all claims regardless of the time 
of crash. It stands to reason that except during 
inclement weather, headlights are not typically used 
during daytime hours so any benefits observed in 
these studies would be attributable to reductions in 
nighttime crashes. The current study investigates this 
by evaluating collision and PDL claims data by the 
time of crash for the 2010 Mazda 3. The 2010 Mazda 
3 was selected due to the available exposure and 
because there were no other collision avoidance 
systems available on this vehicle that might confound 
with the effect of the adaptive lighting system. 

This study evaluates claims data by the time of day 
the crashes occurred for the model year 2010 Mazda 
3 to see if vehicles equipped with an adaptive lighting 
system from Mazda are less likely to have nighttime 
claims than those without. 

METHODS 

Vehicle Data  
Adaptive Front Lighting System (AFLS) is Mazda’s 
term for headlamps that respond to driver steering. 
The system uses sensors to measure vehicle speed 
and steering angle while small electric motors turn 
the headlights accordingly to facilitate vision around 
a curve at night. It is functional after the headlights 
have been turned on at vehicle speeds above 2 mph. 
The adaptive lighting can be deactivated by the driver 
and will be in the previous on/off setting at the next 
ignition cycle. The adaptive lighting lamps on the 
2010 Mazda 3 are high intensity discharge (HID), 
whereas the base lighting system uses halogen lamps.  
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AFLS is offered as optional equipment on the 2010 
Mazda 3. The presence or absence of this feature is 
not discernible from the information encoded in the 
vehicle identification number (VIN), but rather, this 
must be determined from build information 
maintained by the manufacturer. Mazda supplied 
HLDI with the VINs for any vehicles that were 
equipped with AFLS. Vehicles of the same model 
year and series not identified by Mazda were 
assumed not to have AFLS and served as the control 
vehicles in the analysis. Electronic stability control 
was standard on most vehicles but optional on one 
trim level of the 2010 Mazda 3, so this trim level was 
excluded from the analysis. No other collision 
avoidance features are available on the 2010 Mazda 
3. The high-performance version of the Mazda 3, the 
Speed3, was also excluded from the analysis. This 
resulted in 110,252 years of collision exposure for the 
2010 Mazda 3. 

Insurance Data  
Automobile insurance covers damages to vehicles 
and property, as well as injuries to people involved in 
crashes. Different insurance coverages pay for 
vehicle damage versus injuries, and different 
coverages may apply depending on who is at fault. 
The current study is based on property damage 
liability and collision coverages. Collision coverage 
insures against vehicle damage to an at-fault driver’s 
vehicle sustained in a crash with an object or other 
vehicle; this coverage is common to all 50 states. 
PDL coverage insures against vehicle damage that at-
fault drivers cause to other people’s vehicle and 
property in crashes. 

HLDI has data on the vehicles insured by its member 
companies including the length of time those vehicles 
were insured as well as any claims filed for that 
vehicle under collision or PDL coverage. Using this 
information, HLDI calculates collision or PDL claim 
frequency as the number of claims divided by 
exposure, where exposure is defined as the number of 
insured vehicle years. One insured vehicle year can 
represent one vehicle insured for one year, two 
vehicles insured for six months, etc. HLDI also 
receives the VINs of the vehicles on the insurance 
policy.  

Information about the garaging ZIP code of the 
vehicle, deductible amount, and rated driver are also 
provided. Rated driver characteristics include age, 
gender, marital status, and insurance risk group. 
Insurance risk group is a binary variable indicating 
whether the rated driver is considered to have 
standard or higher insurance risk. The rated driver is 
the one who typically is considered to represent the 

greatest loss potential for the insured vehicle. In a 
household with multiple vehicles and/or drivers, the 
assignment of drivers to vehicles can vary by 
insurance company and by state. Although the actual 
driver operating the vehicle at the time of the claim is 
unknown, prior HLDI research has shown rated 
driver characteristics to be highly correlated with 
insurance losses (HLDI, 2014).  

Time of Crash Data  
The time of crash is not included in the data provided 
to HLDI by all of its data suppliers. For the purposes 
of this study, data suppliers were asked to provide 
time of crash information for collision and PDL claims 
associated with the 2010 Mazda 3. Time of crash 
information was provided for 57% and 56% of 
collision and PDL claims, respectively. A key 
assumption in the design of this study was that the 
time of crash being known for a claim was 
independent of whether the vehicle was equipped with 
AFLS. Figure 2 illustrates that presence of the AFLS 
feature does not bias whether the time of crash is 
known, as the distribution of collision claims with 
known and unknown time of crash is similar for 
vehicles with and without AFLS. The distribution of 
claims with known and unknown time of crash was 
similar for PDL claims. 

 

Figure 2. AFLS and Non-AFLS collision claims with 
known time of crash. 

Figure 3 shows the distribution of collision and PDL 
claims with known time of crash by the hour of day. 
The fewest number of claims stemmed from crashes 
occurring during the early morning hours between 1 
a.m. and 5 a.m. The number of claims increased 
sharply between 7 a.m. and 8 a.m., the morning rush 
hour, and again at noon. The evening rush hour, 
between 4 p.m. and 6 p.m., had the highest number of 
claims. A larger proportion of PDL claims occurred 
during rush hour, as would be expected given that 



Basch 4 

PDL claims tend to be from multiple-vehicle crashes 
and traffic is highest at these times. 

 

Figure 3. Distribution of collision and PDL claims 
by hour of day. 

Claims with known time of crash were categorized as 
occurring either during nighttime, daytime, or twilight. 
Nighttime was chosen to be one hour after sunset to 
one hour before sunrise based on the definition of 
astronomical twilight. The U.S. Naval Observatory 
(2016) website states, “Astronomical twilight is 
defined to begin in the morning and to end in the 
evening when the center of the Sun is geometrically 18 
degrees below the horizon. Before the beginning of 
astronomical twilight in the morning and after the end 
of astronomical twilight in the evening, scattered light 
from the Sun is less than that from starlight and other 
natural sources. For a considerable interval after the 
beginning of morning twilight and before the end of 
evening twilight, sky illumination is so faint that it is 
practically imperceptible.” Since the earth rotates 15 
degrees per hour (360 degrees/24 hours), the hours 
classified as nighttime are sufficiently dark to 
necessitate the use of headlights. Twilight was 
categorized at the hour before sunrise and the hour 
after sunset, with daytime comprising the time 
between sunrise and sunset. 

Data on sunrise and sunset were obtained from the 
U.S. Naval Observatory. These data were obtained for 
each day of the year for 2013 and then applied to all 
calendar years in this study. The data were collected at 
the state level. In order to get state-level data, a 
specific city had to be selected. For each state, the 
state capital was used for the city selection. Sunrise 
and sunset times were adjusted for daylight saving 
time at the calendar-year level. Hawaii and Arizona do 
not observe daylight saving time, so no adjustment 
was made for those states. Using this methodology, 
69% of the collision claims with known crash times 

were classified as day claims, whereas 23% were clas-
sified as night claims and 8% as twilight claims, as 
shown in Figure 4. For PDL, a higher proportion of 
claims, 75%, occurred during the day, with only 17% 
of claims occurring at night. This is consistent with the 
majority of PDL claims arising from multiple-vehicle 
crashes and increased traffic during the daytime hours. 

 

Figure 4. Collision and PDL claims with known time 
of crash by time of day. 

Analysis Methods  
Regression analysis was used to quantify the effect of 
AFLS while controlling for other covariates. The 
covariates included calendar year, garaging state, 
vehicle density (number of registered vehicles per 
square mile), rated driver age group, rated driver 
gender, rated driver marital status, deductible range, 
risk, and vehicle series. AFLS was included as a 
binary variable indicating whether this safety feature 
was present or not.  

Claim frequency was modeled using a Poisson 
distribution with a logarithmic link function. Separate 
regression analyses were conducted for daytime 
versus nighttime claims for both collision and PDL 
coverages.  

RESULTS 

Figure 5 compares the overall effect, regardless of 
time of day, of AFLS on collision and PDL claim 
frequencies for all claims and just those with a known 
crash time. The vertical I-bars indicate the 95% 
confidence limits of the estimates. The estimated 
frequency benefit of AFLS for claims with a known 
crash time is consistent with the effect for all claims. 
This indicates that evaluating the subset of claims 
where the time of crash is known does not bias the 
overall effectiveness of AFLS.  
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Figure 5. Effect of AFLS on collision and PDL 
claim frequency for all claims and claims with 
known time of crash. 

Results by time of day for AFLS are summarized in 
Figure 6. The black error bars represent the 95% 
confidence limits of the estimates. AFLS was 
associated with statistically significant reductions in 
nighttime claim frequency of 10% for collision and 
15% for PDL. Daytime collision claim frequency 
showed no meaningful difference, while daytime 
PDL claim frequency showed a 4% reduction but was 
not statistically significant. Although not displayed, 
twilight claim frequency was higher by 12% for 
collision but lower by 5% for PDL. However, these 
estimates were not significant and had large 
confidence bounds, as the data were thin with 
twilight only comprising two hours of the day. 

 

Figure 6. Effect of AFLS on collision and PDL 
claim frequency by time of day. 

Estimates for some of the other covariates included in 
the model are shown in figures 7-10.  Figures 7 and 
8 show the effect of rated driver age on collision and 
PDL claim frequency, respectively. Compared with 
rated drivers age 40-64, younger drivers have higher 

overall claim frequencies, with the largest difference 
occurring at night. Interestingly, for collision 
coverage, nighttime claim frequencies were highest 
for the 21-24 age group, although GDL laws 
restricting nighttime teen driving and alcohol are 
likely factors. Older drivers have the lowest 
nighttime claim frequencies, which may be a result of 
older drivers self-restricting their nighttime driving.  

 

Figure 7. Estimated effect of rated driver age on 
collision claim frequency relative to 40-64 age 
group. 

 

Figure 8. Estimated effect of rated driver age on 
PDL claim frequency relative to 40-64 age group. 

The effects of rated driver gender and marital status 
on collision and PDL claim frequency are shown in 
figures 9 and 10, respectively. Male and single rated 
drivers also tend to have increased nighttime claim 
frequencies, compared with female and married rated 
drivers. 
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Figure 9. Estimated effect of male versus female 
rated driver gender on collision and PDL claim 
frequency. 

 

Figure 10. Estimated effect of single versus married 
rated driver marital status on collision and PDL 
claim frequency. 

DISCUSSION 

Initial expectations for curve-adaptive headlights 
were that these systems would be of primary benefit 
on curved roads at night. Crashes in such situations 
are predominantly single-vehicle crashes, which is 
why early results for these systems that showed a 
stronger overall benefit for PDL claims compared 
with collision claims were surprising. However, the 
curve-adaptive headlights in the 2010 Mazda 3 also 
use HID lamps versus halogen lamps in the base 
model. A 2014 IIHS study found that on the 2013 
Mazda 3, HID headlights had an advantage over 
halogen lights (IIHS, 2014). In addition, with the 
curve-adaptive lights, drivers on a curved road were 
better able to spot hard-to-see targets, as much as 15 
feet sooner at 30 mph, compared with regular 
headlights.  

Figure 11 compares the visibility performance of the 
2013 Mazda 3 with adaptive HID headlights versus 
the base halogen headlights, following the IIHS 
headlight testing protocol (IIHS, 2016b). Under the 
IIHS headlight testing protocol, visibility 
performance is assessed as the distance at which 5 
lux is reached and continuously maintained until the 
vehicle is at most 10 meters away, or 15 meters for 
the left edge of the straightaway. Tests were 
performed on a straightaway as well as 150- and 250-
meter radius left and right curves using both high and 
low beams. The system was tested with the adaptive 
functionality of the system on (swiveling HID) as 
well as turned off (static HID). Except for the 
straightaway test with high beams enabled, the HID 
lights outperformed the halogen lights. In addition, 
on curved tests, enabling the adaptive functionality 
provided additional benefits, in some cases almost 
double the benefit of HID alone. Interestingly, on the 
150-meter radius curve, the static HID lights 
provided left edge illumination at a greater distance 
than the swiveling HID. This could potentially be by 
design to reduce glare for oncoming drivers.  

 

Figure 11. 5 lux distance relative to halogen 
for 2013 Mazda 3. 

The IIHS has used this testing protocol to evaluate 
and rate different headlight systems. These tests have 
shown a wide range of results in the visibility and 
performance of different headlight systems (IIHS, 
2016c). While the research shows some advantages 
for curve-adaptive and HID headlights, these features 
do not guarantee good headlight performance. In 
general, systems that provided ample illumination on 
both curved and straight roads without excessive 
glare for oncoming drivers performed better.  

CONCLUSION 

The results of the current study are in agreement with 
the original HLDI studies on vehicles with adaptive 
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lighting systems and the recent IIHS research. While 
the initial study that did not account for time of crash 
showed no significant collision benefit, a time of day 
analysis of Mazda’s AFLS, which uses HID lamps, 
indicates a strong and statistically significant 
reduction in both collision and PDL claims stemming 
from nighttime crashes. During the day, when 
headlights typically would not be in use, there was no 
statistically significant difference in either collision 
or PDL claim frequencies. Overall, these results 
suggest that advancements in headlighting 
technology can improve driver visibility at night and 
may serve as an effective countermeasure to help 
reduce nighttime crashes.  

Limitations 
There are limitations to the data used in this analysis. 
At the time of a crash, the status of the adaptive lights 
was not known. The adaptive lights can be 
deactivated by the driver and there is no way to know 
how many, if any, of the drivers in these vehicles had 
turned off the system prior to the crash. If a 
significant number of drivers do turn these features 
off, any reported reductions may underestimate the 
true effectiveness of these systems.  

Additionally, the data supplied to HLDI do not 
include detailed crash information such as point of 
impact and transmission status. The adaptive 
headlights studied in this report target certain crash 
types. For example, they would not be expected to 
mitigate collisions that occur when the vehicle is 
backing up. All collisions, regardless of the ability of 
a feature to mitigate or prevent them, are included in 
the analysis.  

Mazda 3s with adaptive headlights cost significantly 
more than those without. The adaptive lighting 
system is only available on the s Grand Touring trim 
level whose MSRP was 13% higher than the next 
trim level, the s Sport. The characteristics of 
consumers willing to pay such a large additional cost 
for an otherwise inexpensive car may differ from 
consumers who do not choose this equipment. While 
the analysis controls for several driver characteristics, 
there may be other uncontrolled attributes associated 
with people who select these features.  

This analysis assumes that crashes occur in the 
garaging state provided by the insurer for the 
associated VIN. The actual location of the crash is 
unknown. In addition, although most states lie within 
a single time zone, there are some states spread 
across multiple time zones. For most of these states, 
the majority of the geographic area of the state lies 
within a single time zone (see nationalatlas.gov for a 

map of the time zones). This analysis does not apply 
an adjustment to the sunrise/sunset times for crashes 
where the garaging ZIP code is in a different time 
zone from the state capital. The time of day for 
crashes that occur in these areas or in a state different 
from the garaging state may be misclassified. 

Some of the reported crash times from certain data 
suppliers occurred in the data more often than 
probable and may reflect coding of an unknown time 
of crash. This data included the times 00:00, 00:01, 
12:00, and 12:01. Additional analyses were 
conducted excluding data from those companies 
where irregularities occurred, as well as excluding 
crash times with 00 or 01 minutes. The overall 
conclusions of this study did not change.  
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ABSTRACT 

Adaptive headlights (ADHL) have been introduced by several car manufacturers as a technology to help 
the driver to better see in a curve in the dark. The headlights’ horizontal aim is directed where the vehicle 
is heading based on the speed of the vehicle and the direction of the steering wheel. Previous research has 
suggested that adaptive headlights have significant real-world benefits in reducing injury crashes with 
passenger cars. Headlight evaluation has also been included in car rating protocols. However, there are few 
effectiveness figures for specific crash types or situations. The objective of this study was therefore to 
investigate the real-world benefits of adaptive headlights in different crash types in Sweden. 

Swedish police reported injury crashes involving Volvo cars (MY 2006-2015) were included in this study. 
The fitment of ADHL and other safety features was determined by consulting electronic parts catalogues 
with the VIN of each individual car. 

In total, 1,303 ADHL-fitted cars and 5,262 cars without ADHL were identified. The statistical analysis 
used odds ratio calculations with an induced‐exposure approach. Daylight crashes were assumed to be non-
sensitive for ADHL. The effectiveness of ADHL was estimated by calculating the odds ratios in 
darkness/daylight for single-vehicle crashes, crashes involving vulnerable road users as well as head-on 
and crashes at intersections.  

ADHL were found to significantly reduce single-vehicle passenger car injury crashes in darkness by 39% 
(95% CI lower limit 11%). This is where the benefits of ADHL would be expected to become more 
evident, as the driver is assisted by the system through improved visibility. No significant reduction were 
found in other crash types. In two-vehicle crashes, ADHL may not be expected to provide significant 
benefits compared with conventional headlights.  

As the proportion of single-vehicle crashes in darkness is rather limited in Sweden (3.5%), the overall 
benefits of ADHL were found to be 2%. Based on these findings, it may be doubtful that ADHL should be 
given great attention in rating schemes and assessment programs.  
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BACKGROUND 

Adaptive headlights (ADHL) have been introduced 
by several car manufacturers as a technology to 
help the driver to better see in a curve in the dark. 
The headlights’ horizontal aim is directed where the 
vehicle is heading based on the speed of the vehicle 
and the direction of the steering wheel.  

Previous research has suggested that adaptive 
headlights could have significant real-world 
benefits in reducing passenger car crashes. Based 
on crashes in the USA, a study from the Insurance 
Institute for Highway Safety (IIHS) has estimated 
the ADHL could have the potential to prevent up to 
142,000 crashes associated with poor visibility per 
year in the US [1]. It was estimated that ADHL 
would theoretically address 91% of non-fatal 
injuries crashes and 88% of fatal crashes that occur 
on curves at night. That would correspond to a 
reduction of 2% of all crashes, 4% of non-fatal 
crashes and 8% of fatal crashes [2]. 

In another study the American Highway Loss Data 
Institute (HLDI) used insurance claims to 
investigate the reduction of claim frequency in cars 
with ADHL compared to similar cars without. 
Passenger cars from Acura, Mazda, Mercedes and 
Volvo were included in the study which also 
controlled for influencing factors such as driver age 
and gender, garaging state and collision deductible [3]. 
Significant reductions in insurance claims for 
property damage liability and bodily injury liability 
were found for three out of four adaptive headlight 
systems. In Volvo cars with ADHL the property 
damage liability was reduced by 10% compared to 
Volvo cars of the same models without ADHL [4]. 
These findings could be a bit surprising since only 
7% of police reported crashes in the US occur 
between 9 pm and 6 am and involve more than one 
vehicle. Also, very few of these crashes were 
reported to occur in a curve where ADHL would be 
expected to have the greatest benefits.   

It is also notable that a reduction of claims for 
property damage liability in the range of 5-10% is 
best translated into a 2.5-5% reduction in overall 
crashes since there are on the order of two property 
damage liability claims for crash event that involves 
two vehicles [2]. 

Even though the literature may not be conclusive 
regarding the effect of ADHL, this technology has 
been included in the rating protocol at the Insurance 
Institute for Highway Safety (IIHS). This was 
mainly due to the great potential of avoiding 
collisions in the dark. It is reported that about half of 
all fatal crashes in the U.S. occur in the dark, and more 
than a quarter occur on unlit roads. The rating is based 
on the reach of a vehicle's headlights as the vehicle 
travels straight and on curves [5]. 

So far no previous studies have shown effectiveness 
figures for specific crash types or situations. The 
objective of this study was therefore to investigate 
the real-world benefits of adaptive headlights in 
different crash types in Sweden. 

METHODS 

This study used police reported passenger car injury 
crashes from the Swedish national accident database 
(Strada). Police records from accidents 2010-2015 
including vehicle data for Volvo cars manufactures 
2006-2015 were acquired. VIN-numbers were used to 
identify cars with and without ADHL. In total 1,303 
injured drivers in ADHL-fitted cars and 5,262 
injured drivers in cars without ADHL were included 
in the analysis, see Table 1. 
 
Table 1. Number of injured drivers in passenger cars 

with and without ADHL per year of manufacture. 
 

model 
year 

n, cars with 
ADHL 

n, cars without 
ADHL 

2006 15 1,134 
2007 20 1,156 
2008 9 981 
2009 6 689 
2010 70 528 
2011 190 492 
2012 384 168 
2013 297 56 
2014 214 45 
2015 98 13 
Total 1,303 5,262 

 
To compare the risk of being involved in an injury 
crash with and without ADHL, induced exposure was 
used. This was done since the true exposure of the 
included vehicle models was not available. This 
approach has been used in several real-life benefit 
estimations [6, 7]. With this method the number of 
crashes in which ADHL are expected to be effective 
(sensitive crashes) is divided by the number of crashes 
where ADHL are expected to have little or no effect 
(non-sensitive crashes). The basic assumption is that 
the non-sensitive crashes (in the same way as the 
sensitive ones) will vary with changes in vehicle miles 
travelled, driver characteristics, numbers of vehicles 
on the road, among other factors. However, these non-
sensitive crashes should be unaffected by the presence 
of ADHL. Therefore, they can serve as a proxy for the 
true exposure [8]. In this study, crashes in darkness 
were considered as sensitive to ADHL while crashes 
in daylight was considered to be non-sensitive. 
Crashes in dusk/dawn or unknown light conditions 
were excluded from the analysis.  
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Thus, the effect of ADHL is considered to be zero if R 
in Equation 1 is equal to 1.  
 R = AN ÷ AN 										(Equation	1) 
 A  = number of crashes sensitive to ADHL, 
involving cars with ADHL 
 Ano−ADHL = number of crashes sensitive to ADHL, 
involving cars without ADHL 
 NADHL = number of crashes non-sensitive to ADHL, 
involving cars with ADHL 
 Nno−ADHL = number of crashes non-sensitive to ADHL, 
involving cars without ADHL 
 
The effectiveness in reducing crashes in relation to 
non-sensitive crashes was calculated as follows: 
 E = 100 × (1 − R )%										(Equation	2) 
 
The standard deviation of the effectiveness was 
calculated on the basis of a log odds ratio variance, see 
below [6].  
 Sd	(lnR ) = 1A +	 1A + 1N + 1N 			(Eq. 3) 
 
The 95% confidence limits are given in Equations 4-5. 
 R	 = R 	× exp	(1,96 × Sd)									(Equation	4) 
 R	 = Rexp	(1,96 × Sd)										(Equation	5) 
 
 
The overall effectiveness was calculated based on all 
crashes in the sample as well as for different crash 
types. Single-vehicle crashes, where ADHL would be 
expected to have benefits due to improved visibility in 
curves, were compared to head-on and intersection 
crashes, where ADHL would be expected not to have 
the benefits compared to cars without ADHL. 
Collisions with vulnerable road users (VRU) were also 
included in the comparison.  

RESULTS 

Out of all passenger car crashes in the sample, 23% 
occurred in darkness, 65% in daylight and 12% in 
dusk/dawn or unknown light conditions, see Table 
2. Head-on/intersection crash scenarios showed a 
similar distribution while collisions with VRU had a 
higher proportion of crashes occurring in dusk/dawn 
or unknown light conditions. Single-vehicle crashes 
accounted for the highest proportion of crashes in 
darkness, 35%. 

 

Table 2. Number of injured drivers in passenger cars 
in darkness and daylight per crash type. 

 

Crash type n, 
darkness 

n, 
daylight 

n, 
dusk/ dawn/ 

unknown 

Single 
vehicle 

262 
(35%) 

396 
(52%) 

98 
(13%) 

Head-on/ 
intersection 

478 
(22%) 

1,487 
(69%) 

188 
(9%) 

Collisions 
with VRU 

276 
(22%) 

764 
(60%) 

225 
(18%) 

All crash 
types 

1,731 
(23%) 

4,834 
(65%) 

930 
(12%) 

 
The estimated effectiveness of ADHL in reducing 
crashes in darkness is shown in Table 3 per crash type. 
No significant reduction of crashes in darkness was 
found for head-on/intersection crashes or collisions 
with VRU. For single-vehicle crashes a significant 
crash reduction of 39% with a lower limit of 11% was 
found (95% CI). The overall crash reduction had a 
point estimate of 2%, although not significant.   
 
Table 3. Results of the induced exposure analysis for 

different crash types. 
 

Crash type Effectiveness 
95% CI 

lower, upper 

Single 
vehicle 

39% 11%, 59% 

Head-on/ 
intersection 

3% -27%, 26% 

Collisions 
with VRU 

-9% -56%, 24% 

All crash 
types 

2% -12%, 15% 

Further analysis was performed to ensure the causality 
between the calculated reductions of injury crashes 
and the ADHL fitment. As it could be expected, cars 
with ADHL were fitted with an optional safety 
package (called Driver Support) to a larger degree 
than cars without ADHL, see Table 4. This safety 
package includes a number of technologies such as 
Lane Departure Warning (LDW) and/or LKA (Lane 
Keeping Assist), Driver Alert, interurban Autonomous 
Emergency Braking (AEB), also with pedestrian 
detection on some models.  

The data were stratified into 2 subgroups depending 
on the fitment of the Driver Support package. The 
analysis showed no variation from the overall 
results. 
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Table 4. Fitment rate of the Driver Support package 
across the included cars with ADHL and without 

 

 ADHL no 
ADHL 

Driver Support 
package 

15% 1% 

no Driver Support 
package 

85% 99% 

Total 100% 100% 

 

DISCUSSION 

Many studies have reported increased crash risks 
associated with driving in darkness [9, 10 and 11]. 
Some studies also controlled for risk factors such as 
age, gender and vehicle mileage but very few 
studies controlled for risk factors especially 
associated with night-driving such as drink driving, 
fatigue etc. When Johansson et al. [12] used night-
time crashes in daylight as controls to isolate the 
effect of darkness, no significant risk increase for 
passenger car crashes was found, neither for urban 
nor rural areas.  

These findings could suggest that the increased risk 
in night-driving may be more associated with other 
risk factors then darkness itself, and that drivers in 
general are able to adjust their driving behaviour to 
poor visibility conditions.  

However, it is not hard to imagine that there are 
scenarios where better visibility could have 
facilitated the detection of a risky situation and 
consequently mitigated the accident risk. IIHS has 
estimated that better visibility with ADHL could 
theoretically address 88-91% of crashes in curves at 
night, which would translate into an overall injury 
crash decrease of 2-8% dependent on injury severity 
[2].  

The present study presents overall benefits of 
ADHL within the same range. Moreover the 
effectiveness in specific crash scenarios was 
calculated. In passenger car injury crashes involving 
more than one vehicle or VRUs, no significant risk 
reduction was found. Regarding collisions with 
other cars it could be logical that ADHL would not 
be more beneficial than other modern headlights. 
The extra visibility given by bending lights in 
curves would arguably only give a marginal 
advantage in head-on and intersection scenarios.  

Generally there may be a critical factor associated 
with improved lights, in that driver may use 
improved visibility to increase their speeds.  

If better lights are associated with a higher speed 
profile, the benefits of higher visibility can easily 
be lost. This question could be the subject for 
further research in real life or simulator. 

For collisions with VRUs the benefit could be 
expected to be higher than for passenger car 
collisions. Especially since Johansson et al. [12] 
showed that pedestrian and bicycle collisions were 
the only crash type associated with increased risk in 
darkness. One reason could be that approximately 
85% of all VRU collisions occur in urban areas 
where street lightning is common. However, the 
material was too small to further investigate this 
issue.  

In the present study, the only significant decrease in 
injury crash risk was found in single-vehicle crashes 
in darkness. As ADHL are designed to handle this 
typical scenario it is reasonable that this was where 
the benefits were found. However, single-vehicle 
crashes in darkness only correspond to 3.5% of all 
passenger car injury crashes which results in a 
marginal overall effectiveness of ADHL with a 
point estimate of 2%. Based on these findings, it is 
thereby doubtful that ADHL should be given great 
attention in rating schemes and assessment 
programs.  

Data quality may represent a limitation in the 
calculations made in this study. Police-reported 
crashes were used, and these are well-known to 
suffer from a number of quality issues and 
underreporting. Injury severity measures were based 
on police assessments, which have been previously 
shown to have limitations [13]. However, it was 
assumed that these limitations would equally affect 
cars with and without ADHL and therefore it was 
not expected to affect the overall results to any 
large degree. 

Another limitation was that the effectiveness 
calculation did not control for other risk-factors 
associated with night-driving. Neither were any 
controls made for dissimilarities between the cars 
with and without ADHL. As can be seen in Table 1, 
ADHL-fitted cars were in general newer than cars 
without ADHL. Though it would be possible to 
control for these factors, an induced exposure 
approach would normally compensate for this, because 
the effectiveness is given by the relative differences 
between the cars with and without ADHL. However, 
it could be argued that ADHL-fitted cars could gain 
benefits from other optional support systems 
(Driver Support package). Especially in night time 
driving as they address some of the risk factors 
associated with darkness such as fatigue or impaired 
driving.  
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To control for this potential bias additional benefit 
calculations were made excluding cars with driver 
support systems. As the effectiveness of ADHL on 
single-vehicle crashes did not change significantly, 
it was concluded that the dissimilarities between the 
case and control vehicles would not influence the 
result to any large degree. 

A key component in the benefit estimation was to 
identify ADHL fitment by using VINs. Sternlund et al. 
[14] has previously used the same method to consult 
electronic parts catalogues. Fitment assessment using 
VIN may be even more important in the future as 
more and more optional vehicle safety systems are 
introduced.    

CONCLUSIONS 

Based on Swedish police records, Adaptive Head 
Lights (ADHL) were found to significantly reduce 
single-vehicle passenger car injury crashes in 
darkness by 39% (95% CI lower limit 11%). No 
significant crash reductions were found in other 
crash types.  

The overall benefit of ADHL in risk reduction was 
estimated to be approximately 2%. Based on these 
findings, it may be doubtful that ADHL should be 
given great attention in rating schemes and 
assessment programs. 
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ABSTRACT 
 
This study evaluated the real-world performance of crash avoidance systems (CASs) on commercial heavy 
vehicles using naturalistic data collection. The crash avoidance systems evaluated included: FCW, AEB (first 
generation systems)1, and LDW. First, the study analyzed whether CAS activations were false (no potential 
threat), advisory (possible threat identified), or imminent (an activation in response to a real and immediate 
roadway conflict).  Second, the study also examined behavior in drivers’ longitudinal driving performance 
such as changes in activation rates, driving speeds, or driving headways. Third, the study characterized some 
of the environmental conditions (traffic, weather, driving maneuvers, etc.) that were associated with CAS 
activations. Finally, the study demonstrated how driving speeds, brake response times, and decelerations could 
be used to help model real world conflicts in which CAS may provide safety benefits. The output of the study 
may be used by CAS suppliers and truck OEMs in tailoring the performance or design of their CAS products, 
and by regulatory agencies in evaluating the effectiveness and overall performance of such crash avoidance 
systems. A total of 150 CAS-equipped tractor-trailers and their drivers from across the U.S. were recruited 
from seven commercial fleets to participate for up to 15 months in the field study. Data collection occurred 
between November 2013 and August 2015. A total of 2.9 million miles and 90,000 hours of driving data were 
recorded in the study. The study recorded video of the driver’s face and torso, video of the forward roadway, 
vehicle network data, and parametric data whenever the trucks were in motion. Approximately 6,000 CAS 
activations were sampled for further evaluation, including all emergency braking activations.  Results include 
several observations on CAS and driver performance. First, false activations were observed in the data, 
including many stationary object alerts within the sample. Overpasses, overhead signage, roadside 
infrastructure (signs, etc.), and curves in the road were common causes of false stationary object alerts. 
Second, there were several observations about when the truck drivers’ actions triggered CAS activations 
versus when other vehicles triggered activations. Finally, there were observations of drivers potentially 
misusing controls for the lane departure warnings. The real-world situations and driver behaviors that generate 
activations, as well as driver behaviors in response to activations can be used by system manufacturers to 
improve the performance of CAS devices. False positive activations caused concern among fleet managers 
because drivers’ trust and use of the system is paramount to its effectiveness. This study is limited to heavy 
vehicle CAS systems as their performance and implementation differs from light vehicles, so results may be 
different on other vehicle platforms. Naturalistic methods are a valuable tool for understanding real-world 
performance. As CAS technologies and other automation features become more and more capable, naturalistic 
research will allow all interested parties to better understand the benefits and unintended consequences of real-
world usage. 
 
 

                                                           
1 Defined here to mean systems that can automatically brake on moving, but not stopped/fixed objects. 
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INTRODUCTION 

In 2015, 4,067 people were killed and an estimated 
116,000 people were injured in crashes involving large 
trucks [1]. Fifty-nine percent of fatal crashes and 52% 
of injury crashes involving large trucks were front 
impacts [1]. These front impacts are more likely to 
result in injuries or fatalities, and in recent years, crash 
avoidance systems (CASs) have become commercially 
available to help prevent or mitigate these collisions. 
CASs use a bumper-mounted radar and an in-vehicle 
interface to provide audible and visual alerts to 
potential threats in front of the truck. Some of these 
systems are also equipped with automatic emergency 
braking (AEB) which under certain conditions 
automatically apply the brakes if the driver does not 
respond. In 2013, a new generation of CASs became 
commercially available in which AEB was always 
active. This generation2 of CAS technology has the 
potential to reduce or mitigate front impacts on large 
trucks and may be an important tool for reducing 
roadway collisions. 

CAS technologies are currently required for heavy 
vehicles by the European Commission in the European 
Union [2, 3]. CASs are currently available as optional 
equipment in the US; therefore, fleets must make 
cost/benefit decisions on whether to purchase them and 
the types of systems to purchase. This study aims to 
investigate the causes of and reactions to CAS 
activations in the real world so that their potential 
benefits may be better understood.  

METHODS 

Naturalistic Approach 
This study recruited the drivers of 150 truck-tractors 
from seven different companies across the US. The 
vehicles were equipped with either Meritor WABCO 
OnGuard or Bendix Wingman Advanced CAS 
technologies. These products were the latest generation 
of CAS technologies commercially available in 2013. 
Data collection took place between November 2013 and 
May 2015.  

Each truck was equipped with a small, window-
mounted data acquisition system (DAS) designed by 
the Virginia Tech Transportation Institute (VTTI) 
called the MiniDAS. VTTI technicians and researchers 
traveled to participating fleet terminals to recruit drivers 
                                                           
2 When the study was initiated, commercially available AEB systems 
did not react (auto-brake) on stopped/fixed objects.  At the time of 
this paper’s publication heavy vehicle AEB systems that can brake on 
stopped/fixed objects were becoming available in the marketplace in 
North America. NHTSA has initiated a new field study to examine 
the performance of the latest generation of heavy vehicle AEB 
systems.  

and install vehicles on-site. The MiniDAS recorded 
continuous video of the driver and forward roadway, 
vehicle network data, kinematic data, Global 
Positioning System (GPS) data, and CAS activations 
whenever the trucks were in motion. Participating 
drivers drove their normal revenue-producing routes for 
up to one year with the MiniDAS installed. By 
collecting naturalistic data, results could be analyzed 
for any behavioral changes that might have taken place. 

CAS Activations 
Naturalistic methods of data collection were used to 
understand how truck drivers experience CAS 
activations and what benefits CASs may provide. Both 
the OnGuard and Wingman Advanced systems provide 
multiple types of audio-visual feedback to drivers. 
Using a radar mounted on the front bumper of the truck, 
the systems detect potential threats and provide 
feedback based on the urgency of the situation. The first 
level of alert is a following distance alert (FDA), in 
which the driver receives an audible alert and visual 
feedback about a slower moving vehicle within the 
headway threshold. The second level of alert is an 
impact alert (IA), in which the driver receives a 
heightened audible and visual alert at a time to collision 
(TTC) typically around 2.0-2.5s. The heightened alert is 
usually a faster audible tone, a change in color of the 
visual display, and a change in picture that shows the 
truck closer to the lead vehicle. The CASs in the study 
also provided drivers with a stationary object alert 
(SOA). SOAs are similar in urgency to IAs, but are 
only presented if the object detected is not moving, and 
the driver may see a different visual image. At the most 
urgent level, the CAS can activate AEB. AEB 
activation is generally accompanied by a change in 
audible and visual alerts to help get the driver’s 
attention. Both the OnGuard and Wingman Advanced 
have AEB that is “always active”; that is, the CAS can 
automatically brake the vehicle if it is traveling above 
15 mph, regardless of whether or not cruise control is 
set.  

The CASs in the study have an optional lane departure 
warning (LDW) feature, which uses a separate camera 
mounted on the top-center of the windshield. Seventy-
five of the 150 vehicles in the study were equipped with 
LDWs, and their data were also recorded on the 
MiniDAS. One unique feature of the LDWs was that 
the drivers had access to a button that would deactivate 
the alert for 15 minutes. Using naturalistic methods to 
observe drivers and their use of the button provided 
some unique insight into their behavior and potential 
preferences for feedback on lane keeping. 

 
Evaluating CAS Activations 
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The different types of CAS activations are intended to 
convey multiple types of feedback to the driver. The 
alerts cover a range of urgency, from the relatively low 
urgency FDA to the high urgency AEB. A series of 
classifications was created to evaluate whether the 
urgency of activations matched up with the urgency of 
external conditions at a basic level. The classifications 
were based on whether a safety-critical event (SCE) 
took place immediately prior to the activation. SCEs 
have been defined and used in previous naturalistic 
studies [4, 5, 6]. The key attribute of an SCE is that an 
immediate driver response (steering, braking, or a 
combination of the two) is required to prevent a crash 
or similar adverse event. Two categories were created: 
Activations in Response to SCE, and Advisory 
Activations. Activations in Response to SCE require a 
driver response at the point of activation, while 
Advisory Activations are more informational in nature 
and do not require a response at the point of activation. 
It is important to note that “advisory” does not mean an 
activation is inappropriate. For example, FDAs are 
designed to give low-urgency feedback to drivers and 
may be the most appropriate type of feedback in 
advisory situations. Similarly, “Activations in Response 
to SCE” does not necessarily mean an activation was 
appropriate. Again, using FDA as an example, if an 
FDA is observed prior to an SCE, a higher-urgency 
activation may have been appropriate. This study will 
use the above categories to describe the conditions in 
which different types of CAS activations were 
observed, but the “appropriateness” of any particular 
activation is subjective and unique to the situation at 
hand. The categories are used to broadly describe the 
urgency of situations in which CAS activations take 
place, in order to evaluate how they generally align 
with the urgency of the feedback CAS activations 
provide. 

In addition to the Activations Prior to SCE and 
Advisory Activations, a third category called False 
Activations was created to describe activations that 
appeared to be triggered by invalid objects. The 
evaluation for False Activations was based on video of 
the forward roadway, in conjunction with the data 
recorded from the vehicle network describing the speed 
and distance of the object being tracked. An invalid 
object could be a vehicle in another lane of travel, static 
objects outside the lane of travel (street signs, guard 
rails, etc.), or overhead objects (overpasses, 
overhanging signage, etc.). These activations could be 
considered “inappropriate” and may have adverse 
effects on driver acceptance and trust of the technology. 
Most importantly, by using naturalistic methods to 
observe False Activations that occur during real-world 
use, the data can be used to make improvements to the 
next generation of the technology. 

RESULTS 

Naturalistic Data Collection 
Recruiting the required number of drivers for this study 
was at times challenging. Truck drivers often change 
jobs, vehicles, and routes on short notice, and the study 
team was limited to meeting participants in select 
terminals belonging to participating fleets. Participants 
who could no longer reach these terminals were 
removed from the study to prevent loss of equipment or 
secure data. A total of 167 drivers was recruited, 
including team operations and replacement participants 
for some drivers who left the study. While each driver 
could participate for up to 15 months, on average 
drivers participated for about 4 months. Some 
participants left the study early due to reasons described 
above, while others participated less than the full 
duration due to missing scheduled meetings with 
researchers to harvest data. To keep the data truly 
naturalistic, the study team did not want to impact the 
operations of the companies involved or the schedules 
of participating drivers. If a driver was not able to meet 
with researchers, the driver was not penalized and 
researchers attempted to reschedule at the driver’s 
convenience. 

In total, over 2.4 million miles and 85,000 hours of 
naturalistic driving data were collected during the 
study. The data covered all 48 states in the contiguous 
US, with higher density in the mid-Atlantic, southeast, 
and southwest regions, which is where participating 
company terminals were concentrated. The data 
contained 885,241 CAS activations across all types 
(Table 1). 

Table 1. 
Quantities of Observed CAS Activations 

The quantities represent the relative urgency of each 
type of activation, with higher urgency activations such 
as AEB, IA, and SOA being relatively rare, and lower 
urgency activations such as FDA and LDW being 
relatively common. The difference between low-
urgency and high-urgency activations is pronounced, 
with FDA and LDW counts being an order of 

Type of CAS Activation Number Observed
Automatic Emergency Braking (AEB) 264
Impact Alert (IA) 1,965
Stationary Object Alert (SOA) 8,604
Lane Departure Warning (LDW) 410,590
Following Distance Alert (FDA) 463,818
Total 885,241
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magnitude greater. It should also be noted that only half 
the trucks in the study were equipped with LDW 
capabilities. However, not all types of activations were 
always recorded properly. Issues with vehicle networks 
and the data collection equipment meant that the 
variables representing some activations were not 
recorded properly on all vehicles in the study. To 
account for this and normalize the data into a more 
practical form, the rate of CAS activations per hour of 
driving were calculated (Table 2). Table 2 also includes 
the number of vehicles on which data for the activation 
were recorded (N) and the standard error for the rate 
(S.E.). The two brands of CAS included in the study 
have been de-identified as Company A and Company B 
in the table, and will remain de-identified in other 
results. 

Table 2. 
Rates of Observed CAS Activations

 

The lower urgency activations of FDA and LDW are an 
order of magnitude more common than the higher 
urgency activations of AEB, IA, and SOA. Using the 
70-hour duty limit as a benchmark, truck drivers in the 
study on average experienced less than 1 AEB per 70-
hour period, 1 to 2 IAs per 70-hour period, and about a 
dozen SOAs per 70-hour period. In contrast, drivers 
experienced hundreds of FDAs and LDWs (when 
equipped) on average per 70-hour period. Any 
differences between the two types of CASs in the study 
could stem from several factors, including differences 
between the participants operating the vehicles, 
differences in driving conditions, differences in 
roadway conditions, or possibly differences between 
the design of the systems (such as providing multiple 
levels of a particular type of activation). The possible 
implications of these frequencies, particularly the high 
frequencies of FDA and LDW, will be discussed further 
below. 

 

Reliability of CAS Activations 

To explore the reliability of CAS activations, a sample 
of 6,000 was selected for inspection. The sample 
includes all AEB and IA activations from both brands 
of CAS, as well as approximately equal numbers of 
SOAs, FDAs, and LDWs from each company that were 
randomly selected. A breakdown of the sample is 
shown in Table 3. Note that each brand of CAS did not 
have an equal number of vehicles participating in the 
study, nor equal hours per vehicle that did participate. 

Table 3. 
CAS Activations Sampled for Inspection

 

Each sampled activation was evaluated to determine if 
it was an Activation Prior to SCE, an Advisory 
Activation, or a False Activation. Those classified as 
Activations Prior to SCE went through a process of 
recording the causes and severity of the SCE, recording 
environmental and traffic variables at the time of 
activation, and describing the general context that 
generated the activation (i.e., a lead vehicle braking, 
truck passing a lead vehicle, etc.). Those classified as 
Advisory or False only went through a process of 
recording environmental variables, traffic variables, and 
general driving context. Figure 1 shows aggregate 
results for AEB, IA, SOA, and FDA activations (which 
are radar-based). Figure 2 shows the results for LDW 
(which are camera-based). Note that the LDW sensor is 
designed the to detect only one type of SCE, an 
unintentional lane departure. The two figures have been 
labeled accordingly.

 

Figure 1. Performance of radar-based CAS 
activations, separated by brand of CAS. 

 

Activation Type Company
Mean Hourly Rate 

of Activations
S.E. N

A 0.006 0.001 69

B 0.003 0.005 49

A 0.03 0.005 69

B 0.02 0.003 49

A 0.23 0.1 69

B 0.07 0.005 49

A 7.20 0.57 69

B 4.29 0.41 81

A 2.44 0.4 19

B 14.48 1.68 64

AEB

IA

FDA

SOA

LDW

Brand of CAS LDW FDA SOA IA AEB Total

Company A 760 903 227 1,424 234 3,548

Company B 752 905 227 538 30 2,452

Total 1,512 1,808 454 1,962 264 6,000
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Figure 2. Performance of camera-based LDW 
activations, separated by brand of CAS. 

The radar-based CAS activations were mostly advisory 
in nature, with false activations being observed across 
both brands in the study. LDWs were also mostly 
advisory (i.e., intentional lane crossings), with a 
relatively small number of false activations. 
Importantly, however, about 1 in 5 or 1 in 3 (depending 
on brand) of LDWs were safety-critical activations 
alerting drivers that their truck had unintentionally 
crossed a lane marking and required a correction. 

As described earlier, the radar-based CAS activations 
are designed to convey degrees of urgency, and this can 
be seen when the results are broken down by type of 
activation. Figure 3 shows how activations of each type 
were categorized for Company A, while Figure 4 shows 
how activations of each type were categorized for 
Company B. 

 

Figure 3. Performance of radar-based CAS 
activations for Company A. 

 

Figure 4. Performance of radar-based CAS 
activations for Company B. 

By breaking the results down by type of activation, the 
progression of urgency can be seen. AEB, the most 
urgent activation, had the highest proportion of alerts 
triggered in safety-critical situations for each company. 
IA, the second-most urgent activation, had the second 
highest proportion of alerts triggered in safety-critical 
situations for each company. FDA, the lowest urgency 
activation, was almost entirely advisory for both 
brands. This progression appears to match the general 
intent of the activations, with more-urgent activations 
more likely to require an immediate reaction from the 
driver. 

The breakdowns by activation type also shed light on 
some results that do not appear to match the design 
intent. First, SOA activations were almost entirely false 
for both brands. These activations are similar in 
urgency to IAs but are triggered by objects that are not 
moving. Review of video data of the forward roadway 
showed that overpasses, overhanging signage, and 
guardrails while navigating curves were common 
triggers for false activations. The causes of these 
triggers could not be determined, but could be due to 
alignment issues with the radar, changes in the grade of 
the roadway, detection issues with the CAS, or other 
causes.  

The breakdowns also show that false activations of 
AEB and IA were observed across both brands. More 
false activations occurred for Company B. As 
mentioned above, AEB and IA activations were 
relatively infrequent, and a false AEB or IA was an 
even rarer occurrence. However, a false activation of 
AEB means that the vehicle is automatically braking in 
an inappropriate situation. This could create a safety-
critical situation where one would not have otherwise 
occurred, and will be discussed in further detail. On a 
related note, a relatively high proportion of advisory 
AEBs were observed with Company A. An advisory 
AEB activation means that the activation took place 
before the situation became safety critical and before a 
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reaction would have been required by the driver. In 
these situations, there is a question of timing, and 
whether a less-urgent type of activation would have 
been more useful to the driver. 

False CAS Activations 
False activations merit concern because they could 
distract from valid activations or reduce trust in the 
CAS technology. Figure 5 summarizes the percentage 
of false activations observed for each type of CAS 
activation, separated by brand of CAS. 

 

 

Figure 5. Summary of the percentage of false 
activations for each activation type, with 95% 
confidence intervals shown.  

This figure emphasizes the two major observations seen 
with false activations. First, nearly all SOAs were false 
activations. While these activations do not apply brakes 
automatically, they could be particularly problematic 
for driver trust and acceptance. Drivers may not realize 
that one particular type of activation is more prone to 
false activations than others when making judgements 
about activations. The SOA activation is also similar to 
IA in urgency, and if drivers are not aware of which 
type of alert they are receiving in the moment, they may 
believe that they are receiving a false IA. 

The second major observation is the relatively high 
rates of false AEBs and IAs. FDAs appeared to have 
lower rates of false activation, despite being lower in 
urgency. False AEBs are particularly concerning due to 
the potential for automatic braking to cause a critical 
incident. In total, 9 out of 264 observed AEBs were 
classified as false, but 8 out of 30 observed AEBs for 
Company B were false. Valid and false AEBs were 
further inspected to determine the duration of AEB 
activations (and, by extension, the automatic braking), 
the maximum decelerations during AEB activations, 
and the changes in speed during AEB activations.  

 

AEB Activations 
To learn more about how AEB activations may slow 
the vehicle in the real world, as well as any impacts that 
false AEBs may have on driving, AEBs in Response to 
SCEs, advisory AEBs, and false AEBs were inspected 
further. First, the average durations of each 
classification of AEB were calculated. The duration of 
each AEB, which was recorded on the vehicle network, 
corresponds to the duration in which brakes were 
automatically applied by the CAS. Figure 6 summarizes 
the average durations in seconds, separated by brand of 
CAS and classification of the activation. Note that these 
durations do not include manual braking, which could 
be engaged prior to or during an AEB in addition to the 
automatic braking. 

Figure 6. Average duration of AEB activations in 
seconds, separated by classification and brand of 
CAS.  

For Company A’s CAS, AEBs in Response to SCEs 
averaged 1.77 s in duration and advisory AEBs 
averaged 1.67 s. The one false AEB was 0.10 s in 
duration. For Company B’s CAS, AEBs in Response to 
SCEs averaged 1.87 s in duration and advisory AEBs 
averaged 0.79 s. The eight false AEBs averaged 0.29 s. 
First, this shows that false AEBs were typically much 
shorter in duration than valid AEB activations, though 
the sample of false AEBs is small. Second, it may show 
a slight difference in how AEBs are triggered between 
the two brands. Recall that Company A had only 1 false 
activation, but had a relatively high percentage of 
advisory AEBs (Figure 3). Figure 6 shows that 
Company A’s AEBs in Response to SCEs and advisory 
AEBs were on average similar in duration. In contrast, 
recall that Company B had a higher rate of false AEB 
activations but a relatively lower percentage of advisory 
activations (Figure 4). Figure 7 shows that Company 
B’s advisory AEBs were about half the duration of 
AEBs in Response to SCEs on average. This may 
indicate a difference in how the two brands approach 
AEBs or determine whether AEBs have been 
“resolved.” Neither approach is necessarily better or 
worse, but it is worth noting that the two systems may 
handle short-headway advisory situations differently. 
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Figure 7 summarizes the average maximum 
decelerations associated with AEB activations in g-
force, separated by brand of CAS and classification. 
Note that these values may include a combination of 
manual and automatic braking, as the accelerometer on 
VTTI’s data collection unit and the output on the 
vehicle network cannot separate the two. The values in 
Figure 8 represent the average maximums within the 
period of automatic braking being active. Any manual 
braking force after AEB has deactivated is not included. 

 

Figure 7. Average maximum decelerations of AEB 
activations, separated by classification and brand of 
CAS.   

The results show that despite AEBs in Response to 
SCEs and advisory AEBs being similar in duration for 
Company A, on average less maximum brake force was 
applied during advisory AEBs (0.20 g) than AEBs in 
Response to SCEs (0.38 g). A similar result was 
observed for Company B, with advisory AEBs applying 
lower maximum braking force on average (0.26 g) than 
AEBs in Response to SCEs (0.40 g). These differences 
in average maximum brake force could be due to 
differences in driver braking on top of automatic 
braking, which is included in the values. Regardless of 
whether the differences in peak braking force are due to 
the driver’s contribution to braking or the automatic 
braking, the technology appears to be following this 
design principal with net braking that results in lower 
peak values on average when the situation is less 
urgent. However, there is still a question of whether 
automatic braking is appropriate unless it is absolutely 
needed. Drivers could prefer audio/visual alerts in these 
borderline cases, and must be aware that CAS 
technologies may assess the urgency of situations 
differently than the drivers themselves would. 

One final observation is that the false AEB activations 
had the lowest maximum braking forces on average. 
For Company A, the truck actually accelerated during 
the one false AEB, due to the driver applying throttle 
throughout the relatively short AEB activation. For 
Company B, the eight false AEBs resulted in an 
average maximum braking force of 0.15 g. While this is 

lower than the average maximum braking forces 
observe in AEBs in Response to SCEs or advisory 
AEBs, it is still enough to slow the vehicle.  

To further explore the issue, the changes in speed 
during AEB activations were calculated. Figure 8 
shows the average changes in speed that occurred 
within the period of automatic braking being active. 
Again, manual braking force may have contributed to 
this, and any changes in speed before or after AEB was 
active are not included. 

 

Figure 8. Average changes in speed during AEB 
activations, separated by classification and brand of 
CAS.  

These results generally align with the average 
maximum braking forces that were observed. The 
trucks on average slowed more during AEBs in 
Response to SCEs than during advisory AEBs for both 
brands of CAS. For Company A, the truck actually 
accelerated during the false AEB activation because the 
driver applied the throttle throughout its duration. For 
Company B, the eight false AEB activations on average 
slowed the vehicle by 2.88 mph. Like the maximum 
decelerations shown in Figure 7, this is less change in 
speed on average than AEBs in Response to SCEs or 
advisory AEBs for either brand. In total, false AEBs 
were shorter in duration, resulted in lower maximum 
decelerations, and resulted in less change in speed on 
average compared to valid AEBs. However, there is 
still the potential for automatic braking on false 
activations to impact safety, driver trust, and driver 
acceptance. 

Changes in Driving Behavior 
One of the major features of the naturalistic data 
collection was the ability to observe drivers using CAS 
technology in their own trucks while driving their 
normally scheduled delivery routes. Additionally, the 
length of data collection, up to 15 months, allowed for 
the longitudinal analysis of some factors. 
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The first factor to be tested was whether the rates of 
CAS activations changed over time for participants. 
The hourly rate at which each driver received CAS 
activations per week in the study was calculated, and a 
mixed negative binomial regression model was used to 
test for any changes over time. The total count of 
activations within each week was the response variable, 
and the log of total hours driven in a particular week 
was the offset term, with linear and quadratic terms 
used to model the change in the hourly rate of 
activations as a function of week in study [7]. 

Among participants using Company A’s CAS, 234 
AEB activations were observed across 38,605 hours of 
driving. One driver appeared to be an outlier with 64 
AEB activations across 1,300 hours of driving, whereas 
no other individual driver received more than 9 AEB 
activations. The initial analysis showed a significant 
increase in AEB activations over time, t = 3.26, p = 
.0012, but after the individual with 64 activations was 
removed, the result was no longer significant, t = 1.61, 
p > .05. Because inspection of forward video ruled out 
false activations for all of this participant’s AEBs, this 
participant was likely an outlier due to a combination of 
personal driving habits and external driving conditions. 
Participants using Company B’s CAS experienced 30 
AEB activations in 11,758 hours. Analysis did not show 
a significant change over time, t = .70, p > .05. 

Similar analysis for changes in IAs, SOAs, and LDWs 
did not result in significant changes over time for 
participants using either brand of CAS. Analysis of 
FDAs, however, did yield significant results. 
Participants using Company A’s CAS were found to 
have a significant negative curvature, t = −4.03, p < 
.0001. This negative curvature indicates a slight, 
temporary increase over the first few weeks of 
participation in the rate at which FDAs were received 
given by the following model: . . ∗ . ∗   (1) 

However, this result may be significant due to the large 
quantity of FDAs that were experienced and may not be 
appropriate as a model for the population as a whole. 
Figure 9 plots the average changes in FDAs 
experienced by drivers against each individual driver’s 
rates.  

 

Figure 9. Plots of the average rate of FDAs per week 
in study for all drivers (red line) and the average rates 
of FDAs per week in study for each individual driver 
(black lines). Note the wide range of results for 
individual drivers and the smaller number of drivers 
who participated into the end of the study. 

Plotting both the average and individual drivers 
highlights two major caveats with this result being 
statistically significant. First, individual drivers were 
observed to have a wide range of FDA rates that 
changed in different ways over time. Second, drivers 
participated for varying durations of time, and most 
drivers did not participate for the full duration. The 
average driver only participated for about 16 weeks, 
and the graph shows how fewer drivers were factored 
into the tail of the curve. time. Additionally, driver 
experience and the roadway conditions over time are 
not accounted for in this model and could have major 
impacts on the rates at which participants received 
FDAs. 

Participants using Company B’s CAS were also found 
to have a significant change over time, t = 3.08, p = 
.0028. The change was meaningful over the first 8 
weeks of participation, with drivers receiving 
approximately 2.5 more activations per hour in their 
eighth week of participation compared to their first. 
However, this change appeared to level off after the 
eighth week, and subsequent analysis did not find a 
significant change over time after the eighth week, t = 
−1.01, p > .05. Like the previous results, this could be 
affected by driver experience, driving conditions, or 
several other factors that change over time. However, 
the change is a meaningful amount and may have 
implications for how drivers interact with the 
technology. 

In addition to CAS activations, the MiniDAS recorded 
headway from the vehicle network. Because the CAS 
provide feedback based on headway, the data were 
analyzed to see if participants changed their average 
headway over time. Each participant’s average 
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headway was calculated for each week of participation 
in the study. The analysis found that drivers using 
Company A’s CAS exhibited a small statistically 
significant quadratic change in their average headway 
over time. The predicted headway in seconds as a 
function of the week of participation is estimated as: ℎ 	 = 2.83 − .01 ∗ + .0002 ∗   (2) 

 This equation predicts a small decrease in headway of 

about a quarter of a second over the first few weeks of 
participation, which then levels off over the remainder 
of the study (Figure 10).  

 

Figure 10. Average overall driving headway in 
seconds by week in study. Note that this includes 
manual driving and cruise control usage. 

However, this result includes the use of cruise control. 
The CAS technologies included in this study feature 
adaptive cruise control, in which the vehicle uses the 
radar to control both speed and headway when a slower 
lead vehicle is present in the radar’s threshold. Cruise 
control usage was recorded on the vehicle network, and 
a second analysis was performed in which cruise 
control usage was excluded from the data. This analysis 
found lower average headways and a small statistically 
significant quadratic change over time. The predicted 
manual driving headway in seconds as a function of the 
week of participation is estimated as: ℎ 	 = 2.39 − .016 ∗ + .0003 ∗ 				(3) 

This equation also predicts a small decrease in headway 
of about a quarter of a second over the first few weeks 
of participation, which then levels off over the 
remainder of the study (Figure 11).  

 

Figure 11. Average manual driving headway in 
seconds by week in study. 

Essentially, removing cruise control usage slides the 
predicted curve to a lower starting value without 
changing its shape or magnitude. Drivers using 
Company B’s brand of CAS did not exhibit a 
statistically significant change in headway over time, 
both with or without cruise control usage factored in. 

Although these results are statistically significant, their 
real-world implications are not as clear. The results 
imply that drivers on average kept a shorter headway 
than what adaptive cruise control attempted to maintain, 
since removing cruise control usage reduced the 
predicted headway of the model throughout. This 
matches previous research on the same data set, which 
found that drivers in general maintained shorter 
headways than adaptive cruise control, even in adverse 
weather conditions [8]. Second, as noted earlier, there 
are several factors which could be contributing to the 
change over time, including driver age and experience, 
seasonal weather changes, traffic or route changes, or 
other factors. However, despite these caveats, both the 
change in the rate of FDAs and the change in average 
headways in the early weeks of participation warrants 
further investigation. There could be an acclimation 
period when drivers begin using the technology, 
followed by a return to their pre-CAS-installation 
driving behavior over time. Conversely, drivers could 
be using the system normally at first and then adapting 
over time, leading to small changes in behavior. 
Additional research that includes the age and 
experience of drivers, as well as feedback from drivers 
on how they use the technology, would help determine 
how meaningful these results are and whether there are 
any subpopulations that exhibit stronger changes over 
time.  

Context of CAS Activations 
Another major feature of naturalistic data collection is 
the ability to observe the contexts and driving 
conditions in which CAS activations took place. Using 
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definitions of traffic density and maneuverability that 
were adapted by VTTI [7,9], the data were analyzed to 
investigate the driving conditions in which activations 
in response to SCEs and advisory activations took 
place. The categories of density and maneuverability 
are referred to as Levels of Service (LoS), and range 
from A1 (least restrictive conditions) to F (most 
restrictive conditions). Figure 12 summarizes the LoS 
for AEB and IAs in Response to an SCE. Figure 13 
summarizes the LoS for each advisory AEB and IA. 

 

Figure 12. Percentages of AEBs and IAs in Response 
to SCEs that were observed within each LoS. 

 

Figure 13. Percentages of advisory AEBs and IAs that 
were observed within each LoS. 

AEBs and IAs in Response to SCEs were most likely to 
occur in LoS B, C, or D. These represent traffic 
conditions in which traffic flow may be stable but there 
are restrictions on maneuverability and traffic speed. 
Advisory AEBs and IAs were more heavily weighted to 
LoS B, which represents relatively low levels of 
restriction. Based on these results, AEBs and IAs in 
Response to SCEs may be more likely to occur in LoS 
C and D, which are more restrictive, while advisory 
AEBs and IAs may be more likely to occur in LoS B, 
which is less restrictive. 

Sampled LDWs in Response to SCEs (unintentional 
lane departures) and advisory LDWs (intentional lane 
departures) were also categorized based on LoS. Figure 

14 summarizes the LoS in which unintentional lane 
departures were observed, separated by whether they 
occurred on the left (LLDW) or right (RLDW) side. 
Figure 15 summarizes the LoS in which intentional lane 
departures were observed, separated by whether they 
occurred on the left (LLDW) or right side (RLDW). 

 

Figure 14. Percentages of LDWs in Response to SCEs 
(unintentional lane departures) that were observed 
within each LoS. 

 

Figure 15. Percentages of advisory LDWs (intentional 
lane departures) that were observed within each LoS. 

Both unintentional and intentional lane departures were 
most likely to occur in LoS A1, A2, and B. These 
represent free-flow conditions with little to no 
restrictions. This may indicate that drivers are devoting 
more resources to lane-keeping when traffic is denser 
and maneuverability is lower. Additionally, a higher 
percentage of LDWs were observed on the left side in 
LoS A1, whereas more LDWs on the right side were 
observed in LoS A2 and B. LoS A1 represents the free 
flow of traffic without lead vehicles, while LoS A2 and 
B represent the free flow of traffic with a lead vehicle. 
This may indicate that participants favored a particular 
side of the road depending on whether a lead vehicle 
was present, but may also be a function of road types or 
driving times in which a lead vehicle is more likely to 
be present. 

In addition to traffic conditions, the types of maneuvers 
that led to CAS activations were analyzed. Video of 
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each AEB and IA was reviewed to determine the 
context of the interaction between the participant in the 
subject vehicle (SV) and the lead vehicle (LV) that 
generated the CAS activation. Note that in this context 
the LV is whatever vehicle the radar was tracking that 
caused the activation. This could be a vehicle that 
merged or changed lanes in front of the participant’s 
truck and that became the LV once the radar tracked it 
as the closest object. These contexts were grouped into 
four broad categories. LV Action encompasses all 
contexts in which a maneuver performed by the LV 
precipitated the CAS activation. This would include an 
LV merging, changing lanes, braking, turning, etc. SV 
Approaching LV encompasses contexts in which the 
participant was driving faster than the LV and reached a 
headway necessary to generate the activation, but was 
not attempting to pass or change lanes. SV Passing LV 
encompasses contexts in which the participant reached 
a headway necessary to generate an activation in the 
process of passing or changing lanes. The Other 
category includes contexts that do not fit into the 
categories above. Figure 16 summarizes the broad 
contexts of AEBs and IAs in Response to SCEs, while 
Figure 16 summarizes the broad contexts of advisory 
AEBs and IAs. 

 

Figure 16. Percentages of AEBs and IAs in Response 
to SCEs that were observed in each driving context. 

 

Figure 17. Percentages of advisory AEBs and IAs that 
were observed in each driving context. 

AEBs and IAs in Response to SCEs were most likely to 
be preceded by an LV action (71% and 60%, 
respectively). Advisory AEBs and IAs were most likely 
to involve the SV approaching or passing the LV (81% 
and 82%, respectively). This result may help the next 
generation of CASs to provide activations that are more 
appropriate to the situation. For example, in the context 
of SV Approaching LV, the lead vehicle is likely to be 
at relatively stable speed with a headway decreasing at 
a relatively constant rate. In the context of SV Passes 
LV, the participant is likely to be accelerating and may 
have their turn signal activated. These were deemed 
advisory because the participant seemed aware of the 
lead vehicle and approached in a more controlled 
manner based on video. In these situations, it may be 
possible to factor these conditions into determining the 
most beneficial CAS activation. Conversely, the context 
of LV action is more likely to have a change in speed or 
a disjointed headway due to vehicles moving in front of 
the truck. If these are more likely to be safety critical, 
these factors may be useful in determining when higher 
urgency activation types are most beneficial.  

Participant Controls of CAS Technology 
The radar-based CAS activations were not under the 
control of drivers, and drivers could not control radar-
based CAS activations other than through their driving 
habits. However, the camera-based LDWs did provide a 
means of control to drivers. Each of the 75 vehicles 
equipped with LDWs was also equipped with a button 
in the center console that could disable LDWs for up to 
15 minutes. Use of this button could be tracked from 
data in the vehicle network, and the data were analyzed 
to see if and how participants chose to use it. One of the 
vehicles did not record LDWs properly, and this vehicle 
and its participating driver were excluded from 
analysis. 

For each of the 74 participants with data that were 
recorded properly, the rate of button presses per hour 
was calculated. Remember that each button press 
disables LDWs for up to 15 minutes, so a rate of 4 
button presses per hour means that the participant was 
essentially disabling the system, unless the button press 
was to re-enable LDWs. The hourly rates of button 
presses were then grouped into categories ranging from 
0 through 4. The percentage of participants who fell 
into each group is summarized in Figure 18. 
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Figure 18. Percentages of drivers that were observed 
to use the LDW off button at different rates.  

Most drivers, 65%, used the button sparingly at a rate of 
less than once every other hour, with an additional 4% 
never using the button. Another 17% fell into middle 
groupings, using the button between 0.5 and 2 times per 
hour. Finally, 13% of drivers used the button 
frequently, at a rate over 2 presses per hour. The intent 
of the button is to prevent false activations when the 
lane markings are unclear or difficult for the camera to 
read. Based on these results, some participants were 
using the button in ways that were not intended. Upon 
further inspection of the video, this unintended usage 
fell into two categories. The first type was perpetual, in 
which participants kept LDWs disabled for extended 
periods with button presses every 15 minutes. These 
participants typically averaged 3 to 4 presses per hour 
over all of their driving. Drivers observed pressing the 
button this frequently did not appear to be reacting to 
lane markings or traffic conditions. In the video, they 
could be seen using the visual cue of the button 
changing color to know when to press it again, or an 
LDW would make them realize the system was enabled 
and lead to them disabling it. The second type was 
situational, which typically fell into the 1 to 3 presses 
per hour range. In videos of these participants, they 
were observed to use the button frequently in certain 
situations, some of which were not intended. One 
particular situation was team operations when one 
driver was in the cab sleeping. The sound of LDWs is 
meant to mimic a rumble strip and can be very loud in 
order to grab the driver’s attention, but it would also 
wake up a person sleeping in the cab.  

The use of the LDW off button reveals several 
interesting things about driver behavior. First, the 
results show that if drivers receive control over some 
aspects of the CAS, there is potential to abuse it. This 
could be simply because they do not understand the 
purpose of the system, and this could in turn go back to 
trust or acceptance issues due to false activations. 
Second, the results show that drivers also desire some 
control over the system and will use it appropriately in 

most cases. Third, the results show that there are some 
unintended uses that relate to driver control, such as 
team operations with one driver sleeping. These cases 
are particularly tricky, because providing more refined 
control could prevent misuse or open the door for 
additional methods of abuse. 

CONCLUSIONS 

The research found that AEBs, IAs, FDAs, and LDWs 
were generally reliable, but that SOAs were mostly 
false. Most AEBs were valid, but false AEBs were 
observed in the data. These false AEBs were on average 
shorter in duration, had lower peak decelerations, and 
resulted in less speed reduction than valid AEBs, 
mitigating some of the safety concerns. Since this study 
was conducted, a new generation of CAS technologies 
is coming to market [10, 11], and the improved sensors 
and algorithms on these systems may reduce reliability 
concerns. 

The research found little evidence of drivers adapting 
their behavior to CAS technology. The evidence that 
was found showed drivers receiving more alerts and 
reducing their headways early in the study, which 
would not seem to indicate safer driving behaviors. 
However, these results did not factor in driver age, 
experience, weather, traffic, road type, and other 
important factors that could affect behavior. The results 
show that the systems worked well in preventing or 
mitigating collisions when conflicts unfold, and that 
these conflicts were more often due to actions of drivers 
around the truck rather than the actions of the truck 
driver. Other studies have also found that light vehicles 
around trucks tend to be the cause of conflicts [12], and 
this observation may be key in making the systems 
desirable and useful to drivers.  

Finally, the results showed that drivers likely want 
some degree of control over how CAS activations are 
triggered or how activations are presented. However, 
the results also show that any control provided to the 
drivers must consider the potential for misuse or abuse. 
Naturalistic methods can help designers learn what kind 
of controls will balance driver needs with system 
availability. 

A large amount of naturalistic data was collected as part 
of the research effort, and these data provide valuable 
insight into heavy vehicles equipped with CAS 
technology. Profiles of traffic conditions, vehicle 
actions, driver speed, driver headway, brake reaction 
time, and decelerations are now available to further 
CAS benefit modeling efforts. 
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ABSTRACT 
 
The objective of this analysis was to identify if selected classes (or categories) of single-unit heavy vehicles require 
additional information beyond the standard elements in the Basic Safety Message (BSM) as defined in SAE 
J2945/1, and to make recommendations for the requirements for any such BSM modifications. This study relied on 
existing literature from pilot testing programs, such as the U.S. Department of Transportation (DOT) Safety Pilot, 
and other foundational research studies into the slow speed maneuvers of heavy vehicles. Heavy vehicle 
manufacturing partners including Kenworth, MCI, Navistar, and New Flyer provided vehicle configuration data 
covering a range of trucks, motorcoach buses, school buses, and transit buses. Heavy vehicle-to-vehicle (V2V) 
interaction scenarios were identified from among safety-critical events derived from existing naturalistic vehicle 
data. Dynamic vehicle parameters such as GPS coordinates, heading, lateral accelerations, vehicle yaw, and vehicle 
speed were exported and applied to path-tracing models of heavy vehicles.  The data analysis demonstrates that 
properties of some long, single-unit heavy vehicles cause them to operate outside of the tolerance range specified 
for light vehicles’ V2V safety applications. Heavy vehicles with wheelbase lengths greater than 20 ft. (6.1 m), 
which also have tire track widths of 8 ft. (2.4 m) and higher, track differently from light vehicles, especially at low 
speeds. Some of these vehicles also have large body overhangs forward and rearward of the axles due to the 
differences between their overall vehicle length and wheelbase length. These parameters affect heavy vehicle 
maneuverability performance such as turning radius and lane keeping. The position of the vehicle is defined as the 
center of a rectangle projected onto the roadway that encompassed the outer limits of the vehicle. Given the 
variability in lengths, length to wheelbase ratios, and configurations of single-unit heavy vehicles (including fixed 
length, articulating transit buses), reporting vehicle position with the simple light vehicle approach does not 
accurately capture the positive and negative off-tracking that occurs. The need to account for this is well 
documented in roadway geometry design specifications and shows the wide array of configurations.  The findings 
suggest that there are additional elements that should be included when communicating the BSM during turn 
maneuvers, either as additional position information within the heavy vehicle’s BSM Part 2 or by simply flagging 
the heavy vehicle host as an “oversize” vehicle in the BSM. These solutions are consistent with to the conclusions 
of the TT-BSM project conducted by the U.S. DOT and the Crash Avoidance Metrics Partnership (CAMP). This 
research will provide guidance to the developers of future V2V systems in heavy vehicles, as well as the developers 
of safety applications that will use the BSM to enhance connected and automated vehicle safety. 
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INTRODUCTION 

This investigation was completed during one task 
within the Heavy Vehicle – Vehicle-to-Vehicle (HV-
V2V) Basic Safety Message and Implementation 
Issues for Deployment Project. Virginia Tech 
Transportation Institute (VTTI) conducted the HV-
V2V Project under sponsorship from the National 
Highway Traffic Safety Administration (NHTSA). 

Purpose 
The design goal for V2V safety communications is to 
exchange basic safety information among vehicles to 
aid in the detection of imminent collision threats. 
Safety information is contained and transmitted 
between vehicles within the Society of Automotive 
Engineers (SAE) J2735 defined Basic Safety 
Message (BSM). Currently, the only standard for 
safety applications performance requirements (SAE 
J2945/1) is limited to light vehicles. While this may 
be acceptable, given the variety of vehicle types and 
configurations within the single-unit truck (SUT) and 
bus class, NHTSA sought to investigate and identify 
exceptions to the applicability of the current BSM 
and determine possible solutions for when it does not 
apply. 

Background 
In the late 1990s, the Federal Communications 
Commission allocated a band at 5.9 GHz for 
Dedicated Short Range Communications (DSRC) for 
vehicle communication. Starting in 2002, NHTSA 
and the Crash Avoidance Metrics Partnership 
(CAMP) began V2V research to investigate the 
applicability of DSRC communications for safety 
applications. This early research led the U.S. 
Department of Transportation (USDOT) to expand 
the research into the public domain, first through the 
Safety Pilot program (2012–2013) which was 
designed to evaluate the efficacy of the safety 
application and provide insight into consumers’ 
responses to the technology in their vehicles. The 
primary focus was light vehicles, but also included 
medium and heavy duty trucks and transit vehicles. 

     Prior Studies on HV-V2V Communication The 
application of V2V communication in heavy vehicles 
has been under study in recent years and has been 
predicted to provide significant safety enhancements 
to heavy vehicle operations. One project sponsored 
by NHTSA, entitled Development of Performance 
Requirements for Commercial Vehicle Safety 
Applications, sought to investigate the performance 
requirements for V2V safety applications among 
heavy vehicles (Bowman et al., 2013). The approach 
included a literature review; interviews with 
representatives from heavy and light vehicle 

manufacturers, suppliers, and heavy vehicle fleet 
operators; and development of high-level 
performance requirements. As a result of that project, 
current and future safety applications were identified 
for which V2V communications hold great potential. 
Additionally, the project identified light vehicle 
performance requirements that may require 
modification for heavy vehicles. The primary 
differences identified between vehicle classes were 
size, variety of configurations, and loads. 

Regarding size, the research team concluded first that 
the height of heavy vehicles could block message 
transmission between vehicles, and second, that the 
outer boundary of the vehicle length among heavy 
vehicles can be significantly larger than the length of 
light vehicles This study suggested that signal 
blockage due to heavy vehicle heights required a 
non-line-of-sight solution, which is generally 
recognized to be outside the capability of DSRC 
standard communication requirements. Other studies 
and solutions to vertical blockage are discussed in 
LeBlanc et al., (2012) below. Second, this research 
suggested that larger heavy vehicle length might lead 
to error in the offset value, as defined in SAE J2735, 
which designates the position of the heavy vehicle 
relative to the DSRC/GPS antenna(e). 
Recommendations were given regarding additional 
information that should be identified on heavy 
tractor-trailer (TT) vehicles, such as the number of 
trailers and the length of trailers.  

These findings are similar to those determined in 
another study sponsored by NHTSA, entitled 
Interoperability Issues for Commercial Vehicle 
Safety Applications (LeBlanc et al., 2012). In this 
study, the following two areas of concern were 
highlighted by 90 percent or more of interview 
respondents: 1) DSRC performance and commercial 
vehicle physical factors, and 2) SAE J2735 BSMs 
related to articulated vehicles. Also referenced in the 
study, Gallagher et al. (2006) demonstrates error rates 
of communication for signal powers of 20 dBm and 
29 dBm for tall, heavy vehicles. Although the height 
of these vehicles can create line-of-sight blockages, 
messages sent at the 29 dBm signal power were 
provided at error rates low enough to meet the BSM 
performance requirements. Furthermore, the study 
suggested the height of the vehicle can provide an 
advantage by elevating the line-of-sight path of the 
signal to surrounding vehicles. However, a full 
discussion regarding the positioning of the DSRC 
antenna(s) on tall heavy vehicles is a topic beyond 
the scope of the applicability of the standard BSM on 
SUTs. 
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The Tractor-Trailer Basic Safety Message (TT-BSM) 
Development project (Svenson et. al., 2016) analyzed 
heavy vehicle path accuracy when using the standard 
BSM. The study started with the BSM applied in the 
USDOT Safety Pilot project where a TT vehicle is 
represented as a single rigid body model (rectangle). 
The TT-BSM project then sought to determine the 
most accurate way to enhance the BSM’s 
communication of the trailer when articulating 
separately from the tractor while meeting the 
following goals: 

• Accurately represent the position of 
articulated vehicle bodies in vehicle-to-
everything (V2X) BSMs 

• Minimize false warnings in nearby V2X-
equipped vehicles 

• Minimize changes to the current SAE J2735 
BSM structure 

• Minimize changes to existing V2X safety 
applications and equipment 

Based on simulation and physical vehicle validation, 
the TT-BSM project team determined that the best 
method was to transform the yaw rate of the tractor to 
the trailer king pin and thus determine the articulation 
angle of the trailer. Four scenarios were developed: 
one-lane turn, two-lane turn, highway ramp, and 
highway lane change. Based on simulation alone, the 
project team determined that the highway lane 
change was a low priority due to the limited amount 
of articulation that occurs during the maneuver. In 
fact, the trailer articulates to the opposite side of the 
lane change direction at moderate and high speeds, 
whereas in low-speed maneuvers in the other three 
scenarios, the trailer axles and wheels will off-track 
inside of the tractor’s radius.  

The result of the physical vehicle communication 
testing led the team to determine that additional 
information about the combination vehicle was 
necessary. It was deemed best to communicate that 
an additional vehicle(s), one or more trailers, was 
attached to the original vehicle in the BSM Part II, 
and the team specifically recommended that the 
optional data frame DF_TrailerInfo be broadcast at 
the same priority as the regular BSM Part I. The 
recommendation also suggested that the 
DF_TrailerInfo data frame should include 
DE_TrailerCount and DF_TrailerDetailOne. The 
following points summarize the project team’s 
conclusions for the addition of that message 
information: 

• The additional information about the trailer 
can be included in a single DSRC packet, 

and TTs make up a small fraction of the 
number of vehicles on the roadway. 

• Information about the position of the trailer 
in the BSM Part II is only necessary during 
slow-speed turn maneuvers. During the 
remaining limited-angle turning maneuvers 
and straight articulation operations, the Part 
I message can sufficiently communicate 
combined tractor and trailer length. 

• The vehicle size of the TT is similar to at 
least two light vehicles moving in close 
sequence, which would make the TT Part I 
and Part II messages of the TT similar to the 
channel load of two smaller vehicles. 

Recommendations to further investigate TT HV-V2V 
communication are underway as a result of this study. 
However, elements of the findings of the TT-BSM 
study apply to this investigation, which focuses on 
the effects of single-unit truck and bus heavy vehicle 
configuration and size. 

Approach 
VTTI compiled a list of representative SUTs and 
buses along with non-standard single unit heavy 
vehicles (SUHVs). The team also considered existing 
research involving connected vehicles as well as 
other areas that could shed light on the challenges 
SUHVs pose (e.g., roadway design). Some of the 
existing research reviewed included naturalistic data 
collected by VTTI on heavy vehicles, including 
motorcoach buses. This allowed the team to gain 
insight into the scenarios that caused safety-critical 
events to arise with vehicles in proximity to the 
instrumented heavy vehicle. 

For the identified scenarios, an analysis was made of 
the motion of the vehicle types to evaluate the 
standard bounding box model. Where the model was 
insufficient, the team identified the characteristics of 
the SUHV that were different from a light vehicle. In 
the evaluation, the importance of minimizing changes 
to the existing standards and applications was kept as 
criteria as well. These data were then analyzed to 
determine which vehicle types would benefit from a 
modified BSM and what modifications would be 
needed to ensure the accurate transmission of 
information to surrounding vehicles. All of this 
information drove the recommended modifications to 
the current BSM. Finally, the team established 
objective criteria to evaluate which vehicles need a 
modified BSM. 

REVIEW OF EXISTING RESEARCH AND 
DATA 
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The team reviewed existing research to help identify 
relevant input and system parameters to consider in 
the evaluation of a BSM for SUHVs.  This included 
physical characteristics and design parameters, 
vehicle performance, naturalistic data collections and 
existing V2V research and standards. 

Heavy Vehicle Characteristics 
A review of the literature regarding heavy vehicle 
characteristics and performance focused on vehicle 
parameters and the maneuverability performance of 
single-unit trucks and buses. Heavy vehicles are 
defined as trucks and buses with a gross vehicle 
weight rating of 10,000 pounds (4,536 kg) or more. 
The Federal Highway Administration (FHWA) 
categorizes vehicles into classes by application, axle 
number, and vehicle frame unit number. The project 
scope for this task included evaluation of single-unit 
heavy vehicles. Based on the FHWA’s descriptions 
of vehicles, this includes Class 4 (buses) through 
Class 7 single-unit trucks with four or more axles 
(shown in bold in Table 1). 

Table 1. 
FHWA vehicle classes 

FHWA 
Class 

Definition 

1 Motorcycles 

2 Passenger cars (including pulling light 
trailers) 

3 Other two-axle, four-tire single-unit 
vehicles 

4 Buses (two axles or three or more 
axles) 

5 Two-axle, six-tire, single-unit trucks 

6 Three-axle, single-unit trucks 

7 Four or more axle, single-unit trucks 

8-13 Single and multi-trailer trucks or 
tractors 

The definition of single-unit vehicles may be 
understood to include vehicles that carry an 
articulation joint between two frame units, where the 
vehicle length cannot be modified by the operator. 
This is a common vehicle configuration among the 
transit intercity bus application. Heavy vehicle 
parameters and performance characteristics were 
provided by vehicle manufacturing stakeholders. The 
dimensions and parameters and turning radius 
performance of those for-sale products were 
compared to the SUHV design vehicles provided for 
roadway design in the American Association of State 
Highways and Transportation Officials (AASHTO) 
Policy on Geometric Design of Highways and Streets 

(Sixth Edition, 2011), also known as the “Green 
Book.” 

     Heavy Vehicle Design Parameters  The weight 
of a vehicle and its distribution of weight, especially 
front to back, play an important role in its operating 
characteristics at high speeds, but not at low speeds. 
However, it is worth noting that the weight of the 
vehicle, or more precisely, the total weight of a 
vehicle as designed, requires other characteristics, 
such as width and length, to be present in its design. 
It is the width and length characteristics of heavy 
vehicles that lead to their most significant differences 
from light vehicles in terms of maneuverability. The 
height of heavy vehicles, which provides for an 
increase in cargo carrying capabilities, also varies 
significantly from light vehicles, though this 
characteristic affects moderate and high speed roll 
stability rather than maneuverability. For more 
information on the topic, publications by both 
Fancher et al. (1984) and Fancher and Winkler 
(2007) provide expanded discussions on the 
characteristics and factors affecting heavy vehicle 
performance. 

     Body and Tire Width  The differences in heavy 
vehicle and light vehicle width have a direct effect on 
the ability of heavy vehicles to operate within the 
same lane widths as light vehicles. A typical 
passenger vehicle has a body width of 6.0 ft. (e.g., 
Toyota Camry), and a long passenger sport utility 
vehicle has a body width of 6.7 ft. (e.g., Chevrolet 
Suburban), while heavy vehicles have widths 
between 8.0 ft. and 8.5 ft. Accordingly, the margin 
for operating heavy vehicles within the same lanes as 
light vehicles is typically one to two feet narrower. 
National Cooperative Highway Research Program 
(NCHRP) Report 505 (Harwood et al. 2003) 
references older studies that investigated the 
performance of heavy vehicle widths within 11 and 
12-ft. lane widths. One joint study completed by the 
FHWA and NHTSA found no difference in lane-
keeping performance between heavy vehicles that 
were 8 versus 8.5 ft. wide, which suggests that 
existing lane widths are satisfactory for heavy 
vehicles. However, this study did find that wide 
heavy vehicles influenced the lateral position of 
surrounding light vehicles, creating a 12–18-inch 
shift around 8 or 8.5-ft.-wide buses (Weir and 
Schilling, 1972). This finding suggests that single-
unit heavy vehicle size at least influences the lane 
keeping behavior of drivers of narrower light 
vehicles. 

Tire widths are measured at the outermost tire 
sidewall. The rear axles are typically spread for high 
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cargo or passenger capacities to provide for 
maximum load support. The front axles can be 
narrower than the rear axles, which assists with 
improving turning radius. Tire track widths define the 
path that a heavy vehicle will tend to follow. The 
track width of rear dual axles is measured to the 
center of the two tires on each side (i.e., at the tire 
gap). The track width of front axles, which are not 
dual, are measured similarly to standard single tire 
axles on heavy and light vehicles (Fancher et al., 
1986). However, the variety of tire width options 
available, especially on trucks, can lead to a 
measurable difference in turning radius performance. 
Dimensions of one particular Class 7 truck model 
provided by a truck original equipment manufacturer 
stakeholder lists an overall width range of 94.9 inches 
to 103.9 inches for the rear dual axle and from 91.0 
inches to 102.7 inches for the front axle. 

     Body Length and Wheelbase  The differences in 
heavy and light vehicle length are more extreme and 
carry with them a greater impact on heavy vehicles’ 
performance than does vehicle width. A typical 
passenger vehicle sedan is 15.9 ft. long (e.g., Toyota 
Camry), and a long passenger sport utility vehicle is 
18.7 ft. long (e.g., Chevrolet Suburban). The 
wheelbases of these vehicles are 9.1 ft. and 10.8 ft., 
respectively. Typically, single-unit heavy vehicles 
have bodies that are at least 30 ft. long with 
wheelbases of approximately 20 ft. (AASHTO, 
2011). The economic pressures on cargo 
transportation encourage the use of long vehicles, 
which then require long wheelbases to satisfy the 
balancing of load front to rear. A representation of 
overall vehicle lengths (OAL) is provided in Figure 1 
for multiple single-unit vehicle types, including a 
single rear axle truck (SU-30), tandem rear axles 
truck (SU-40), and tandem rear axles bus (BUS-40). 

The position of wheelbase relative to body length is 
intentionally balanced on light vehicles, mainly to 
control for stability and maneuverability of those 
vehicles at moderate and high speeds (Weigand, 
2011). However, that is not the primary design focus 
among heavy vehicles. A substantial proportion of 
the weight of heavy vehicles is positioned toward the 
rear axles, which leads to the common configuration 
of rear dual wheels and tandem axles (Fancher and 
Winkler, 2007). Wheelbase is traditionally measured 
on tandem-axle single-unit trucks to be the distance 
from the front steering axle to the geometric midpoint 
of the rear non-steering axles, as demonstrated in SU-
40. A representation of wheelbase lengths (WB) is 
provided in Figure 1 for multiple single-unit vehicle 
types. However, single-unit tandem-axle buses 
wheelbases are traditionally measured from the front 

axle to the drive axle center, which is typically the 
forward-rear axle, as demonstrated in BUS-40. This 
can be because some single-unit motorcoach buses 
have a floating, caster steering axle on their rear most 
axle, which follows the forward-rear axle at slow 
speeds, typically only floating when speeds are below 
20 mph. As discussed in the Heavy Vehicle 
Maneuverability Performance section below, as 
wheelbase length increases, vehicle maneuverability 
performance characteristics — minimum turning 
radius, off-tracking, and swept path width — 
decrease. This performance can be moderated by 
higher steering angles and assisted to some degree 
with caster steer rear axles on motorcoach bus 
models. 

 

Figure 1. Heavy vehicle length parameters 
(adapted from AASHTO, 2011). 
 
     Body Overhang  The body overhang in front of 
the front axle and rearward of the rear-most axle 
exists on all vehicles and is typically measured from 
the outer-most axle wheel center to the bumper on the 
front or rear of the vehicle. A representation of front 
and rear overhang lengths (FOH, ROH) is provided 
in Figure 1 for multiple single-unit vehicle types. 
Gattis and Howard (1998) observed that the rear 
overhang exceeds the wheel path at the beginning of 
the turn at slow speeds. School bus rear body 
overhangs on sampled manufacturer vehicles are 
described by Gattis and Howard (1998) to be 11.70 
ft. on a conventional bus (i.e., engine over front axle) 
and similarly, the AASHTO “Green Book” (2011) 
lists the same vehicle configuration with a rear body 
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overhang of 12.0 ft. Additionally, some buses carry 
bike racks that extend the far front overhang (FFOH) 
beyond the body, as demonstrated in BUS-40. 

     Steering Angle  Heavy vehicle maneuverability 
performance is primarily influenced by wheelbase 
and steering angle. Steering angle is defined as the 
average of the angles made by the left and right 
steering wheels with the longitudinal axis of the 
vehicle when the wheels are turned to their maximum 
angle (AASHTO, 2011). Off-tracking, which will be 
discussed further in the next section, is a function of 
wheelbase and steering angle and increases 
exponentially with increased steering angle (Stevens 
et al., 1965).  The maximum steering wheel angle, or 
cramp angle, is based on the limits of this assembly. 
Thus the steering angle of the vehicle is set by the 
driver’s input until the assembly meets its limits. 

     SUHVs’ Configuration Classification  Standard 
heavy vehicle configurations have been identified to 
define design vehicles, which are used for roadway 
design. These design vehicles provide a common 
reference point for the evaluation of the light vehicle 
BSM relative to SUHVs. Table 2 (See Appendix) 
provides a list of standard reference dimensions 
published by AASHTO (2011) unless otherwise 
noted. 

Heavy Vehicle Maneuverability Performance 
These primary and secondary vehicle design 
parameters described above create a range of vehicle 
performance variables that affect heavy vehicle 
maneuverability. This is true to the extent that the 
parameters are commonly referenced on configured 
design vehicles in the application of roadway design. 
The resulting vehicle performance parameters are as 
follows: minimum turning radius, off-tracking, and 
swept path width. 

     Turning Radius  The turning radius is a general 
term that can be applied to the specification of 
vehicle performance, as measured from a center 
reference point to a part on the vehicle (e.g., center 
axle, rear-inside wheel/tire, and front outside body). 
The minimum turning radius is typically used to 
describe vehicle performance specifications at the 
front, within which a vehicle can turn when steering 
is extended to the maximum steering angle input. The 
minimum turning radius may vary by object 
clearance. Generally, a so-called curb height turning 
radius requires that the tires clear a curb at ground 
height and thus references the front outside tire track 
(i.e., curb-to-curb turning radius). A wall height 
turning radius requires that the vehicle body (i.e., 

bumper) clear obstructions above ground (i.e., wall-
to-wall turning radius). 

The minimum turning radius performance for low 
speed steady state cornering of any vehicle 
configuration is fundamentally a result of two vehicle 
parameters: the vehicle wheelbase and steering angle. 
The chosen turning radius path can, however, be 
larger than the minimum. The vehicle wheelbase is a 
fixed parameter that cannot be adjusted by the driver 
to change the vehicle radius path; however, the 
steering angle can be adjusted. It is beneficial to keep 
some real-world operational factors in mind. For 
instance, the minimum or best-case performance is 
not always applied or available to drivers. Drivers 
must choose the best path, by varying the steering 
angle, that will allow them to navigate through the 
lanes, as well as around curbs, other vehicles, 
bicyclists, and pedestrians present on or near the 
roadway. Furthermore, as noted in the AASHTO 
“Green Book” (2011, p. 2-9), the turning radii 
performance of vehicles described in critical and 
scientific publications presumes that the vehicle is 
operating per manufacturer specifications, for 
example with perfect front-end alignment. However, 
many vehicles operating on the roadways do not have 
such alignment, leading to inconsistent turning radius 
performance. 

When applying vehicle performance variables to the 
design of roadways and, specifically, intersections, it 
is most important to recognize that the turning radius 
variable of interest is measured at the rear inside 
wheel for clearance to curbs and lane keeping. The 
turning radius performance at the front of the vehicle, 
as measured on other parts, will be treated in this 
discussion as a measurement of swept path width—
which is fundamentally a result of vehicle off-
tracking. 

     Off-Tracking  Off-tracking can be simply 
understood to be the difference in path of any 
following axle/wheel from the front axle/wheel. This 
can happen even for very narrow vehicles, such as 
bicycles. In fact, only vehicles that operate on fixed 
paths, such as light or heavy rail, will avoid off-
tracking (Harwood et al., 2003). Off-tracking is the 
natural result of the separation of axles on a vehicle 
frame and is closely related to the vehicle 
performance parameter of turning radius. Typically, 
articulated heavy vehicles are the focus of off-
tracking study. However, off-tracking can refer to the 
difference in path of any single-unit following wheel 
from a front wheel.  
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Off-tracking can be described as positive or negative 
value, meaning as either inside of the turn path taken 
by the front wheels or outside, depending on the 
vehicle maneuver at low or high speed and depending 
on the part that is being tracked, meaning chassis or 
body components. Off-tracking tends to be the focus 
of articulated combination vehicle performance at 
low speed, when a trailer is said to be cheating the 
path of the tractor, and is usually managed carefully 
by drivers at intersections to avoid running over 
curbs or other objects. However, it is worth noting 
that the off-tracking of an articulated TT combination 
at a given overall length can be seen as improving the 
performance of the combination’s turning radius and 
area of roadway covered by the vehicle (i.e., swept 
path widths) as compared to a single-unit vehicle of 
the same length. 

Like turning radius, off-tracking is dependent on the 
vehicle wheelbase and steering angle. Rather than 
being a trace of one single vehicle reference, off-
tracking refers to the difference between two radii on 
two similar vehicle reference points (e.g., axle 
centers, inside wheels, outside wheels, or body 
corners). Similar to minimum turning radius, which is 
dependent on the driver’s steering input, fully 
developed low speed off-tracking occurs when the 
steering angle input is at its maximum and the rear 
axle/wheel has reached the point of maximum delta 
from the front axle/wheel. 

     Swept Path Width  Another important heavy 
vehicle performance variable is the swept path width, 
which is the area covered by the vehicle throughout 
the turning maneuver. It can be understood as the 
trace of the inner rear wheel to the front body corner 
throughout the turning maneuver (AASHTO, 2011). 
A combination of the previously defined vehicle 
performance variables should be considered to 
determine when this path is at its largest width, 
including the minimum turning radius on the inside 
to the opposite vehicle outside body corner at the 
fully developed low-speed off-tracking. The 
overhang of the body at the front and rear of the 
vehicle affect swept path width performance.  

Rear overhang has only a minor effect on the swept 
path and only at the beginning of the turn. Gattis and 
Howard (1998) highlighted the effect of the rear 
overhang on swept path in a study on school bus 
vehicle characteristics. Since then, the swept path of 
the rear overhang has been included in design 
standards such as the AASHTO “Green Book.” 
However, the front body overhang has the most 
significant effect on swept path. As clearly 
demonstrated in the design vehicle turning radii 

performance graphics (AASHTO, 2011), the rear 
overhang translates into the swept path area early in 
the turn, while the front overhang creates a prominent 
outward trace during most single-unit vehicles’ turns. 
When accounting for the maximum swept path width 
on a range of single-unit vehicle bodies, the most 
outboard components should always be included. 
These include variable components, such as bike 
racks, that are commonly present on transit buses. 

     SUHVs’ Performance Classification  The design 
vehicles selected by AASHTO represent each 
category of vehicle to provide national guidance on 
roadway design. The VTTI team therefore chose 
these design vehicles to evaluate common design 
dimensions and the general applicability of the BSM 
and standardized comparison of SUHV 
maneuverability performance characteristics. As 
stated previously, the scenarios that are most likely to 
require special consideration are those involving low 
speed turning maneuvers. Accordingly, the 
performance characteristics of these design vehicles 
affecting turning maneuvers were considered in 
Table 3 (See Appendix). 

Dynamic Heavy Vehicle Scenarios 
Based on the conclusions drawn from the TT-BSM 
project (Svenson, 2016) — that articulated heavy 
vehicles were sufficiently represented by a single 
body BSM except for low-speed maneuvers — the 
team focused on the same criteria in assessing 
scenarios for SUTs and bus heavy vehicles among 
pre-existing safety-critical events collected during 
Year 1 of the On-Board Monitoring System (OBMS) 
Field Operational Test (FOT) project. 

     Naturalistic Data Collection  VTTI has compiled 
a large quantity of naturalistic data on heavy vehicles. 
Of special interest to this investigation was the video, 
vehicle network, and GPS tracing data (e.g. speed, 
heading, latitude, longitude, yaw rate, and lateral 
acceleration) collected from motorcoach buses during 
the aforementioned OBMS FOT project. The 
project’s objective was to determine whether an 
OBMS would reduce at-risk behavior among 
commercial drivers and improve driver safety 
performance. A large quantity of motorcoach data 
across multiple years was collected and one year was 
processed through reduction software to identify 
safety-critical events prior to application in this HV-
V2V investigation. The collection analyzed for 
application in this study was based on Year 1 of the 
OBMS project (May 2013 through July 2014), and 
included 43 motorcoaches, 65 drivers, and 
approximately 600,000 miles of vehicle data. The 
safety-critical events processed from that one-year 
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period included crashes, near crashes, crash-relevant 
conflicts, tire strikes, and unintentional lane 
deviations. 

The list of safety-critical events was filtered to find 
scenarios that would be most applicable to V2V 
communication issues. The filters for the data 
included all pre-incident maneuvers (e.g., merging, 
changing lanes, turning right, and turning left), with a 
few maneuvers removed (e.g., going straight-
accelerating). Events were also filtered to focus on 
conflicts with other vehicles — all types — and 
filtered for crash, near-crash, or crash-relevant 
conflicts. After this sorting, the remaining list was 
sampled by observing the video of these events based 
on incident descriptions. A subset of safety-critical 
events was selected as containing likely scenarios 
that could provide guidance on typical heavy vehicle 
operations and interactions with other vehicles. 

     Naturalistic Scenario Observations  After 
careful review of the events, one event was found to 
be particularly interesting in relation to this 
investigation. This event involved a motorcoach 
turning left on the inside lane while other vehicles, 
mostly cars, tried to maintain the same path on the 
outside turning lane. The driver of the motorcoach 
made every effort to keep the bus close to the inside 
curb and stay within the lane. However, at the middle 
of the turn, the motorcoach bus could not avoid 
crossing the dotted white lane-separation line, while a 
small car in the outside lane paused and swerved out 
of the way as the motorcoach driver applied the 
brakes until both lanes were clear to proceed. 

These events were exported for application in the 
investigative model. The variables exported for 
application included the following: timestamp, speed, 
longitudinal acceleration (accel X), lateral 
acceleration (accel Y), yaw (gyro Z), latitude, 
longitude, and heading at a rate of approximately 10 
Hz. This data was applied to a path tracing model 
proposed as one method for determining the 
sufficiency of the V2V BSM for SUHVs  

The large overhang of the motorcoach bus made it 
necessary for the driver to encroach on adjacent lanes 
occupied by other vehicles. For situations involving 
high speed maneuvers and/or straight or nearly 
straight driving conditions, even those with safety-
critical events, the bounding box model can 
adequately reflect the actual motion of the vehicle. 
Consequently, the team focused on low speed turning 
maneuvers where large overhangs can create a 
scenario in which the front or rear of the SUHV can 
encroach on adjacent lanes. 

BSM Standards 
Heavy vehicles, and even large light vehicles, pose 
challenges to lane keeping tasks. However, if this 
behavior is captured with the light vehicle BSM, then 
the BSM is sufficient for heavy vehicles. Therefore, 
in evaluating the applicability of the light vehicle 
BSM, it is first necessary to review the related 
assumptions as defined. There are two published 
standards associated with the BSM: SAE J2735 and 
SAE 2945/1. The former provides a data dictionary 
for the contents of messages, while the latter provides 
the minimum performance requirements for a V2V 
safety system for light vehicles that utilize 5.9 GHz 
DSRC. A light vehicle is a Class 2 or Class 3 vehicle 
as defined by FHWA (excluding emergency and 
construction vehicles). The vehicle position is a point 
projected onto the ground that is the center of a 
bounding box that encompasses the extents of the 
vehicle fore, aft, and side-to-side, including all 
original equipment, as seen in Figure 2 (SAE J2945/1 
[March, 2016]). 

 

Figure 2. BSM position reference (source: SAE 
J2945/1 [March, 2016]). 

 
The position reference and bounding box provide the 
basis for the communication regarding the vehicle’s 
position and motion. As such, they were a primary 
part of the evaluation for the SUHVs. The parameter 
settings specified in J2945/1 were used to try to 
provide a quantitative assessment of the position and 
motion requirements. The standard specifies a 
position accuracy of 1.5 m and speed accuracy of 1 
km/h (SAE J2945/1 [March 2016]), which serve as 
the basis for the evaluation. 

ANALYSIS 

The typical V2X equipped vehicle is represented by a 
rectangle that bounds the outside of the vehicle to 
identify its position during V2X communication. The 
center of this rectangle is projected onto the ground 
plane and is the reference for the position and motion 
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information for the vehicle. For light vehicles, the 
center of gravity and wheelbase are both near the 
geometric center of the vehicle. This aids in stability 
and handling performance, as well as ride quality. 
For heavy vehicles, this is not necessarily the case, 
since utility is a primary design constraint. Consider 
the commercially available 40-foot long SUT with a 
23-foot wheelbase and a 9-ft. cab with 4 ft. of front 
overhang and 12 ft. of rear overhang. This 
configuration is depicted in Figure 3 and shows the 
center of the vehicle (CV) (corresponding to the 
reference point in J2945/1) and the center of the 
wheelbase (CW). For this vehicle, the CW is 15.5 ft., 
4.5 ft. forward of the CV.  For the standard AASHTO 
design vehicle SU-40, the CW is 16.5 percent ahead 
of the CV. For reference, the CG is also shown for a 
vehicle configured with a 10,000-lb. front axle and a 
40,000-lb. rear tandem axle. As the vehicle is loaded, 
the center of gravity (CG) will move towards the rear 
axle where 80 percent of the load carrying capacity 
resides.  

 

Figure 3. BSM reference position for single unit 
heavy vehicle. 
 
Light Vehicle and SUHV Reference Ratios 
To compare the similarity and therefore, the 
adequacy of the light vehicle BSM to support the 
bounding box reference of SUHVs, an arrangement 
of the CV positions to the CW positions is 
instructive. The CV and CW positions are determined 
from common references at the front-most body 
reference, the vehicle bumper. The CV is directly 
determined from the outer-most vehicle body 
dimension, as shown in Equation 1. The CW is a 
dimension between axles, and therefore, must be 

determined relative to a body dimension (i.e., front 
over-hang), as shown in Equation 2.  

 

In Figure 4, a selection of light vehicles, ranging 
from small hatchbacks to full size pickups, were 
added to provide a baseline. The line in Figure 4 
provides a reference where the body is centered on 
the wheelbase. Vehicles below the line have a CW in 
front of the BSM reference point and vehicles above 
the line have a CW to the rear of it. The light vehicles 
generally fall below the line as do the heavy vehicles. 
The two vehicles furthest from the line are the school 
buses, labeled SB-C and S-BUS-36. 

 

Figure 4. BSM reference point (CV) vs. CW. 
 

SUHV Wheelbase Turning Radius Effects 
Looking at the turning radii for these two vehicles 
(SB-C and S-BUS-36), we see the turning paths 
highlighted in Figure 7 (See Appendix) with outer 
front body turning radii of 40.1 ft. and 39.7 ft., 
respectively. As expected, these have nearly the same 
path through the corner.  To study the impact of 
bodies that are not centered on the chassis, the front 
and rear overhang values were reversed. The effect of 
shifting the body relative to the chassis is shown in 
Figure 8 (See Appendix). As evidenced from the 
figures from left to right, when the standard rear body 
overhang is moved forward over the axles to match 
the wheelbase center and then in front of the 
wheelbase center, the outer front body turning radii 
increases even though the rear-inside axle follows the 
same turning path (i.e., 23.8 feet).  
 
The black dot shows the geometric center (reference 
position). The red plus is the center of the wheel 
base, which defines the path around the corner. As 
can be plainly seen in this extreme case, a bounding 
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box centered at the reference point would not 
accurately represent the position of the body of the 
vehicle during slow speed cornering. 
 

Table 4 (See Appendix) provides a comparison of the 
three configurations. As expected, the tire paths are 
the same for all configurations since the chassis 
remains the same. The paths the body sweeps are 
significantly different. Comparing the swept path of 
the vehicles, the standard configuration takes just 
under twice the width of the vehicle. On the other 
extreme, the body forward design takes 40 percent 
more space than the standard, body back 
configuration. 

For the light vehicle BSM, SAE J2945/1 specifies 
accuracies that must be met to comply with the 
standard. The most relevant for this evaluation are for 
position (1.5 m) and size (0.2 m). For the positional 
constraint, the BSM expects a configuration similar 
to S_BUS_36a in Figure 8 (See Appendix). As 
shown in Table 4 (See Appendix), the maximum 
error in path radius is less than the 1.5 m accuracy 
constraint. The constraint attempts to ensure that the 
V2V system can confidently determine if the vehicle 
is within its lane. For the front corner, to honor that 
intent, the positional accuracy would need to be a 
quarter of the required accuracy. The greater 
challenge is the size accuracy since, during a low 
speed turn, the shift in the body is akin to an error in 
the length measurement.  
 

While the body forward configuration with the large 
forward overhang is a greater issue both in terms of 
the extent and duration of the subsequent intrusion 
into traffic, from the vehicle data presented, it is 
apparent that this configuration would be an 
anomaly. The only vehicles that are above the line in 
Figure 4 are the buses with bike rack included on the 
front (these fall below the line if the rack is folded 
up) and, among the light vehicles, a small fastback. 
Consequently, the focus was on identifying a metric 
to quantify how much shift in the body relative to the 
chassis was too far for the BSM. 

SUHV Body Overhang Turning Radius Effects 
Vehicles that have a large overall length compared to 
the wheelbase have more room to shift the body 
relative to the chassis. Consequently, this metric was 
selected. However, it does not provide an indication 
of how far the center of the two measures may be 
shifted. To try to capture that, the ratio of the total 
overhang compared with the front overhang was 
selected. Front overhang was selected to be 

consistent with the measure of CV (Equation 1) and 
CW (Equation 2). The following equations (Equation 
3 and Equation 4) are defined and produce the front 
overhang ratio and the ratio of body to chassis (i.e., 
wheelbase) center positions, as arranged in Figure 5. 	 	 	  (3) 	 	 	 	 	 	   (4) 

 

Figure 5. Metric to identify problematic vehicle 
configurations. 
 
Similar to Figure 4, additional light vehicle 
configurations were included to establish a baseline. 
A simple linear regression was used to identify 
possible outliers from the baseline. Most of the heavy 
vehicles lie within the range of the light vehicles. As 
expected, S-BUS-36 and SB-C are outliers. Similarly, 
SU-40, a 40 ft. SUT, is also an outlier. Running a 
turning path simulation and analysis on the 40-foot 
truck (SU-40) where the body is centered on the 
wheelbase in the left figure compared to the standard 
truck configuration on the right, yields the result 
demonstrated in Figure 9 (See Appendix). 

As expected, the standard configuration with the 
body back relative to the chassis has a smaller swept 
path. Table 5 (See Appendix) provides a summary of 
the results. The deltas show that the rear corner 
moves outside the expected path by the allowed 
accuracy for size. The front corner is greater than the 
0.3 m tolerance specified, but remains inside the 
predicted path. While this might cause a false alert, it 
would not pose a safety threat. 

SUHV Configuration Metric for BSM 
Modification 
The 40-foot truck (SU-40) vehicle is used as the 
threshold for the recommendation to include an 
augmented BSM. Dividing the front overhang ratio 
(Equation 3) by the ratio of the centers (Equation 4) 
leads to Equation 5. This ratio of front-overhang to 
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the ratio of vehicle/wheelbase centers provides a 
metric to highlight vehicle configurations that may 
require additional elements in Part II of the BSM 
during turning maneuvers. 	 	   (5) 

The list of vehicles in Figure 6 illustrates the 
threshold modification parameter (MP) value of “3” 
that provides guidance on which vehicles may require 
additional elements to communicate that their body 
and wheelbase configuration do not sufficiently align 
to operate within the tolerance allowable for the 
standard light vehicle BSM. 

 

Figure 6. Threshold for recommended BSM 
modification parameter (MP). 

CONCLUSIONS 

As stated, the two primary goals were to accurately 
represent the position and motion of SUHVs and to 
minimize false warnings. This includes both false 
positives (nuisance alerts) and false negatives (failure 
to warn for true threat).  

For most driving scenarios, the SUHV tracks 
similarly to a light vehicle and therefore the BSM as 
defined adequately represents the position and 
motion of SUHVs and therefore provides accurate 
information to minimize false warnings. The primary 
exception is for low speed cornering maneuvers. For 
these maneuvers, the difference in vehicle 
configurations can cause the paths of the front and 
rear of the vehicle to be misrepresented. This is 
particularly true when the center position of the 
wheelbase differs significantly from that of the center 
of the bounding box of the body.  For vehicles that 
have this characteristic, additional information is 
necessary to capture the position of the wheelbase 
relative to the body. 

One way to capture this is by adding an element to 
Part 2 of the BSM as defined in J2735 for the 

wheelbase and the overhang. These two elements, 
DE_VehicleWheelbase and DE_FrontOverhang can 
be combined into a single data frame 
DF_VehicleWheelbase and follow the same 
specifications for DF_VehicleSize made up of 
DE_VehicleLength and DE_VehicleWidth that 
currently exist in J2735. 
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APPENDIX: TABLES AND FIGURES 

Table 2. 
Single unit heavy vehicles dimensions for design vehicles 

Application 
  

Model 
  

Body Width 
Overall 
Length Wheelbase 

Rear  
Overhang 

Front 
Overhang 

m ft. m ft. m ft. m ft. m ft. 

General  
Passenger 

Car 2.1 7.0 5.8 19.0 3.4 11.0 1.5 5.0 0.9 3.0 

Dry Van  SU-30 2.4 8.0 9.1 30.0 6.1 20.0 1.8 6.0 1.2 4.0 

Dry Van  SU-40 2.4 8.0 12.0 39.5 7.6 25.0 3.2 10.5 1.2 4.0 

Intercity Bus  BUS-40 2.6 8.5 13.4 44.1 7.1 23.3 2.7 9.0 3.0 9.8 

Intercity Bus  BUS-45 2.6 8.5 14.9 49.0 8.1 26.6 3.3 10.8 3.0 9.7 

City Transit  CITY-BUS 2.6 8.5 13.3 43.5 7.6 25.0 2.4 8.0 3.2 10.5 

School Type C  S-BUS-36 2.4 8.0 10.9 35.8 6.5 21.3 3.7 12.0 0.8 2.6 

School Type D  S-BUS-40 2.4 8.0 12.2 40.0 6.1 20.0 4.0 13.0 2.1 7.0 

School Type C1  SB-C 2.4 8.0 11.1 36.4 6.5 21.3 3.7 12.0 0.9 2.8 

School Type D1  SB-D 2.4 8.0 12.2 40.0 7.0 23.0 2.9 9.7 2.1 7.0 
1 Proposed by Gattis et. al. (1998) as alternates to AASHTO school bus configurations 
 

Table 3. 
Radii of turning paths for AASHTO design vehicles 

Application 
  

Model 
  

Inside Rear 
Tire 

Outside Front 
Tire 

Front 
Overhang Swept Path 

m ft. m ft. m ft. m ft. 

General  Passenger Car 4.4 14.4 7.3 23.8 7.8 25.4 3.4 11.0 

Dry Van  SU-30 8.6 28.3 12.7 41.8 13.2 43.3 4.6 15.0 

Dry Van  SU-40 11.1 36.4 15.6 51.2 16.1 52.8 5.0 16.4 

Intercity Bus  BUS-40 7.4 24.3 12.7 41.7 14.2 46.5 6.8 22.2 

Intercity Bus  BUS-45 7.5 24.7 13.4 44.0 14.9 48.9 7.4 24.2 

City Transit  CITY-BUS 7.5 24.4 12.8 42.0 14.3 46.8 6.8 22.4 

School Type C  S-BUS-36 7.3 23.8 11.8 38.5 12.1 39.6 4.8 15.8 

School Type D  S-BUS-40 7.7 25.3 11.9 39.1 12.9 42.2 5.2 16.9 

School Type C1  SB-C 7.7 25.2 11.8 38.9 12.4 40.8 4.7 15.4 

School Type D1  SB-D 7.7 25.2 12.2 40.0 13.4 44.1 5.7 18.7 
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Table 4. 
Turning path variations for 36-foot school bus (S-BUS-36) body shifted on chassis 

S-BUS-36 
  

Inside Rear 
Tire 

Rear 
Corner Front Tire 

Front 
Corner Swept Path 

Rear Over-
swing 

m ft. m ft. m ft. m ft. m ft. m ft. 

Standard (Body 
Back on Chassis) 

7.3 23.8 10.4 34.0 11.7 38.3 12.1 39.7 4.8 15.9 0.28 0.91 

Body Centered on 
Chassis 

7.3 23.8 9.9 32.6 11.7 38.3 13.0 42.7 5.8 18.9 0.08 0.25 

Body Forward on 
Chassis 

7.3 23.8 9.7 31.9 11.7 38.3 14.1 46.1 6.8 22.3 0.0 0.0 

Delta: Centered – 
Standard 

  -0.5 -1.4   0.9 3.0   0.2 0.66 

Delta: Centered - 
Forward 

  0.2 0.7   -1.1 -3.4   0.08 0.25 

 

Table 5. 
Turning path variations for 40-foot truck (SU-40) body shifted on chassis 

SU-40 
  

Inside Rear 
Tire 

Rear 
Corner Front Tire 

Front 
Corner Swept Path 

Rear Over-
swing 

m ft. m ft. m ft. m ft. m ft. m ft. 

Standard (Body 
Back on Chassis) 

7.3 23.8 10.2 33.5 12.3 40.5 13.1 43.1 5.9 19.3 0.2 0.51 

Body Centered on 
Chassis 

7.3 23.8 9.9 32.6 12.3 40.5 13.8 45.3 6.6 21.5 0.0 0.0 

Delta: Centered – 
Standard 

  -0.3 -0.9   0.7 2.2   0.2 0.51 

 

 

 

 

Figure 7. 36-foot school bus (S-BUS-36) turning paths. 
 



 

Svenson 15                       

 

Figure 8. Effect of shifting 36-foot school bus (S-BUS-36) body on chassis. 
 

 

 

Figure 9. Effect of shifting 40-foot truck (SU-40) body on chassis. 
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ABSTRACT 
 
Recently, in addition to conventional passive safety systems, active safety systems play an important role in the 
vehicle’s overall safety performance. Autonomous Emergency Braking (hereinafter, AEB) system is one of the 
main devices among the active safety systems as it can mitigate or avoid collision events of vehicles.  
In previous researches, occupant’s forward behavior was observed during the pre-crash phase of the vehicle when 
AEB is activated. It is obvious that the behavior is not intended and can affect the injury value of the occupant. In 
several studies, it was reported that the neck injury value of the occupant is increased although the vehicle’s impact 
speed decreased.    
In the Present study, as a preliminary step for the “Integrated Safety”, a driver-side airbag is newly developed 
considering driver’s forward behavior induced by autonomous emergency braking system.  
First, driver’s forward displacement during the autonomous emergency braking condition is measured based on 
Euro-NCAP AEB test scenarios in order to establish the database for bag-shape design. It was shown that the 
forward displacement of the H-III female dummy is approximately 1.3 times larger compared to H-III male dummy. 
The maximum displacement of the H-III female dummy was 162 mm.   
Second, a driver-side airbag is designed to mitigate the neck injury induced by the forward motion of the driver’s 
head. The concept of the airbag is to limit the x-directional deployment length in the primary stage (~15ms) by 
adopting three panels.  
Third, the performance evaluation of the developed driver-side airbag is performed by a series of crash simulations 
and SLED tests. In the simulations and the tests, the driver’s forward behavior was considered in order to reflect the 
AEB activated condition. In the present study, it is assumed that the vehicle’s speed reduces from 64 to 40 kph by 
the AEB activation. The injury value of the 64 kph sled test (without forward motion) and the 40 kph sled test (with 
forward motion) are compared with each other. As a result, it is shown that the developed driver-side airbag 
decreases both HIC and Nij values compared to conventional driver-side airbag when AEB is activated. The neck 
tension and moment values are decreased 26 and 45%, respectively when developed driver-side airbag is used.  
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INTRODUCTION 
 
Together with EURO-NCAP, NHTSA decided to 
evaluate the ‘active safety’ performance in their New 
Car Assessment Program (NCAP). That is, the 
importance of the active safety system including 
Autonomous Emergency Braking (AEB) is 
increasing rapidly in the field of the vehicle safety. 
The active safety system protects the occupants in the 
vehicle together with the conventional safety system 
and nowadays, the concept ‘Integrated-Safety’ is on 
the rise.  
Among the active safety systems, AEB is one of the 
main components that detects obstacles around the 
vehicle and start braking autonomously. However, in 
the present state, it is impossible to avoid the 
collision entirely for all road situations even with 
state-of-the art AEB system since there are a number 
of different driving conditions such as vehicle’s 
velocity and weather conditions. Therefore, in the 
case of vehicle collisions, the conventional passive 
safety systems (airbag and seatbelt) still play a 
important role to protect occupants inside the vehicle.      
On the other hands, although AEB could not avoid 
vehicle collision entirely, it is obvious that AEB 
reduces collision velocity and energy when it is 
activated. 

 

 
 

Figure 1. Collision energy (MASS = 1,500kg) 
 

 
 

Figure 2. Dummy Behavior (Komeno et al, 2013) 
 
Figure 1 represents the collision energy for various 
collision speed levels. As can be seen in the figure, 

collision energy decreases 44 and 56 % when 
collision velocity decreases from 60 to 40 kph and 40 
to 20 kph, respectively. However, in the previous 
researches, it was observed that some injury values 
(especially a neck injury) of the occupants are 
increased despite the speed reduction benefit1)-3). It is 
expected that the increased injury values are 
originated from the increased forward behavior of the 
occupants due to AEB activation. Generally, the 
forward movement of the occupants can be increased 
since the deceleration level of the vehicle is very high 
(above 1.0g) when AEB is activated. In addition, 
unawareness of the AEB activations would  increases 
the occupant’s forward movement even more. 
In general, the increase of the forward movement 
may leads to high neck injury value because of high 
inner pressure of the airbag especially at its initial 
stage (0-15ms after deployment). That is, the forward 
behavior of the occupant decreases the distance 
between the occupant’s head and the steering wheel 
(or airbag) which means the quasi out-of-position 
condition.  
Actually, until now, the active and the passive safety 
system have been developed individually to each 
other. Therefore, the good aspects of the active safety 
devices are not integrated efficiently with the 
conventional passive safety system. It is obvious that 
the optimization of the active and passive safety 
systems should be studied and applied. 

 

 
Figure 3. Integrated Safety (Infantes et al, 2013) 

 
A number of efforts were made by previous 
researchers in order to integrate active and passive 
safety systems. In 2013, Komeno et al. investigated 
the influence of the AEB system to occupant injury. 
In the paper, it was shown that the neck injury value 
was pretty high even with the low collision velocity 
(48 kph). In addition, the high neck injury value was 
modified when adopting new passive safety 
systems1). Infantes et al. also studied the crash safety 
performance considering the AEB system in 2013. 
The forward displacement and the occupant’s injury 
values were measured and analyzed for the AEB 
activated condition. In the manuscript, most of the 
injury values were reduced when AEB is activated 
since the collision velocity of the vehicle is 
decreased. However, the neck injury of the driver-
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side occupant was increased due to the driver’s 
forward behavior2). The paper also suggests the test 
method that can reflect the safety performance of the 
integrated active/passive safety system. The studies 
for occupant’s posture were also performed. In 2011,  
Schöeneburg et al. studied the relation between active 
seat belt system and a AEB system. The paper shows 
that reversible seatbelt tensioner reduced neck 
extension moment when AEB is activated.  
As mentioned above, a number of studies have been 
performed related to integrated active/passive safety 
system. However, most of the past studies were 
concentrated in modifying active seat belt systems 
and AEB’s logic. An effort to modify the airbag 
module for integrated safety is not performed in 
earnest. That is, there are still many rooms to do in 
the field of integrated safety systems. 
 In the present study, as a preliminary step of the 
developing integrated active/passive safety system, a 
driver-side airbag is newly developed which can 
reduces the neck injury of the occupants in the AEB 
activated situation.  
The content of the paper is as follows. First, the 
forward displacement of the H-III dummy is 
measured at the various AEB activated conditions. 
Second, the design of the driver-side airbag is 
performed considering the measured forward 
displacement value. Finally, the performance of the 
suggested airbag is evaluated using series of the crash 
simulations and the SLED tests. 
 
Measurements of Dummy Behavior 
 
The forward displacement of the H3 50% dummy is 
measured at various AEB-activated conditions. The 
test is performed using mid-size sedan vehicle which 
is under mass production. For low speed conditions, 
the test scenario is chosen based on Euro-NCAP Car 
to Car Rear stationary (CCR’s) test scenario. For high 
speed conditions, initial speed of 56 and 64 kph cases 
are added since the speed values are the highest speed 
for the present crash test mode for both Europe and 
United-States. The test matrix and the schematic are 
presented in Table. 1 and Figure. 4, respectively.  
In the test, the vehicle starts to move at defined initial 
speed in Table.1. After that, the vehicle detects the 
obstacle and is decelerated by AEB systems. On 
behalf of the volunteer test, 5 and 50 percentile H-III 
dummies were used considering the SLED test 
validations.  
Figure 5 shows the dummy behavior for the initial 
vehicle speed of the 30 kph. As can be seen in the 
figure, the head of dummy moves to forward 
direction after AEB is activated even in the lowest 
initial speed.  The detailed results of the tests are 
summarized in Table. 2. 

 
Table 1. Test matrix (Dummy Behavior) 

 

# TEST MODE 
Initial  
Speed 

Dummy 

1 
Low - Speed 

30  5/50 % 
2 40 5/50 % 
3 50 5/50 % 
4 

High - Speed 
56 5/50 % 

5 64 5/50 % 
 

 

Figure 4. Measurements of Dummy Behavior 
 

 
(a)Before AEB                (b)After AEB 
Figure 5. Dummy Behavior (30 kph) 

 
Table 2. Test results 

 
(a) Forward Displacement, 5% Dummy 

# 
TEST  

MODE 
Initial  
Speed 

Displacement 
(mm) 

1 
Low  

Speed 

30  120 
2 40 127 
3 50 131 
4 High  

Speed 
56 152 

5 64 162 
 

(b) Forward Displacement, 50% Dummy 

# 
TEST  

MODE 
Initial  
Speed 

Displacement 
(mm) 

1 
Low  

Speed 

30  95 
2 40 103 
3 50 101 
4 High  

Speed 
56 123 

5 64 128 
 

In Table.2 it is shown that the maximum dummy 
behavior was observed at the highest initial speed 
case with 5 percentile H-III dummy. The measured 
maximum value was 162 mm. For all the test cases, 
the forward displacement of the 5 percentile dummy 
was approximately 1.3 times greater than 50 
percentile dummy in average. In general, the distance 
between the head and the steering wheel is about 310 
to 320 mm when forward seat track is adopted to H-
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III 5 percentile dummy.  In the case, it is obvious that 
the distance between the head and the steering wheel 
reaches within 150 mm which may lead to quasi out-
of-position situation as shown in Figure. 6. 

 

 

Figure 6. Head-Wheel Distance 
 

It is known that the forward behvior of the H-III 
dummy is relatively smaller than that of the human 
body or THOR dummy. In 2013, Shaw et al. dicussed 
that the behavior of the human body is 1.54 times 
greater than the H-III dummy. That is, in the real 
accident situation, the distance between the head and 
the wheel could become more closer.   

Driver-Side airbag : Design Concept  
 
The design of the driver-side airbag is performed 
considering the measured dummy’s forward 
displacement as a preliminary step to approaching 
integrated safety. In the present study, the basic 
design concept is to limit the x-directional length and 
the inner pressure of the airbag cushion in the initial 
stage (10-15ms). It is expected that the neck injury 
value would decrease if the x-directional length and 
the inner-pressure of the airbag decreased at initial 
bag contact stage. On the other hands, after the initial 
stage, the airbag should maintain the conventional x-
direction length and the inner pressure to guarantee 
the safety performance of the occupant whed AEB is 
not activated (conventional collision situation).   

 

(a)TYPE A : Seperated Chamber Concept 

 

(b)TYPE B : Diffuser Chamber Concept 
 

Figure 7. Design Concept 

 
Figure. 7 illustrates design concepts of the proposed 
driver-side airbag in the present study. Two different 
concept is prposed. The first concept (TYPE A) is 
designed to be composed of separated chambers. 
That is, at initial stage, a first chamber is deploying 
prior to a second chamber and limit the x-directional 
length of the airbag. After that, the gas at the first 
chamber flows to second chamber so as to deploy the 
second chamber (15ms~).  In addition, the TYPE A 
concept is designed to reduce the inner-pressure of 
second chamber at initial stage since the second 
chamber could directly contact the head of the 
occupants or dummies. In case of TYPE B concept, 
the airbag is designed relatively simply by using 
small inflator pocket. The overall shape of the airbag 
is similar to the conventional driver-side airbag. The 
only difference is that the direction of the inflated gas 
flow is controlled to flow to lower part of the airbag. 
That is, the deployment of the airbag is started from  
the lower part of the airbag which may lead to 
relatively slow deployment and low inner-pressure at 
the upper part.  

TYPE A TYPE B 

  

(a)10 ms 

TYPE A TYPE B 

  

(b)35 ms 
 

Figure 8. Airbag Deployment Test 
 

Figure. 8 (a) shows the deployment characteristics of 
proposed two different concept. In the figure, the 
white line indicates a conventional driver side airbag 
shape at 10 ms time region. As can be seen in the 
figure, both the two proposed concept limit the x-
directional  length effectively. The reduced lengths of 
the TYPE A and TYPE B concepts compared to 
conventional driver-side airbag are 94 and 155 mm, 
respectively. On the other hand, as mentioned above, 
the airbag should maintain the shape of the 
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conventional airbag at final stage considering normal 
positioning of the occupants when AEB is not 
activated. Figure. 8 (b) shows the airbag shape after 
full deployment. In the figure, it is shown that the 
proposed concepts have almost equal shape 
compared with conventional driver-side airbag.  
In general, an inner pressure is also known as an 
important factor that influences head and neck injury. 
That is, at initial deploymen stage (10-15ms), the 
inner pressure should be lower to reduce injury 
induced by out-of-position occupants. On the other 
hand, the pressure should be high enough to 
constraint the occupant behvior after airbag loading 
begins. Therefore, the inner pressure values of the 
proposed airbag concepts are measured together with 
the deployment test. Figure. 9 illustrate the measured 
inner pressure value for the proposed concepts and 
the conventional airbag. It is shown that the inner 
pressure of both the proposed concepts are lower than 
that of the conventional airbag at initial stage. Both 
the peak and the averaged pressure values of the 
proposed concepts are lower than that of the 
conventional airbag. 
 

 
 

Figure 9. Inner Pressure  
 
Crash Simulation 
 
The crash simulations for the proposed airbag 
concepts are performed before the sled tests to 
predict the performance of the airbags to main injury 
values such as HIC (Head Injury Criteria) and neck 
injury. Actually, until now, there aren’t any 
suggested crash test protocols for the integrated 
active/passive safety evaluation. Therefore, only a 
few numbers of OEMs and institutes established their 
own protocol to perform their preliminary study 
related to integrated safety. In the previous 
researches, offset collision mode is usually chosen 
for the crash test mode. The offset mode for 

integrated safety evaluation is quite meaningful. It is 
expected that the collision may occur by unsuspected 
cut in of the surrounding vehicles when AEB is 
activated. Similar to the previous researches, the 
crash simulation mode is chosen as the offset mode in 
the present study. It is assumed that the initial 
velocity and the collision velocity of the vehicle  are 
64 and 40 kph, respectively. Moreover, H-3 5 
percentile dummy is used for crash analysis since it 
shows large forward displacement compared with 50 
percentile dummy.  In the analysis, the measured 
maximum forward displacement of 162 mm is 
adopted to reflect the AEB activated conditions as 
shown in Fugure. 10. 

 

         
 

Figure 10. Dummy seat position (0ms) 
(Left : without AEB, Right : with AEB) 

 
Table 3. Crash Analysis Matrix 

 

# Mode 
Collision 
Velocity 

Dummy Airbag 

1 
w/o 
AEB 

64 kph 
(OFFSET) 

5% 

BASE 
2 TYPE A 
3 TYPE B 
4 

w/ 
AEB 

40 kph 
(OFFSET) 

BASE 
5 TYPE A 
6 TYPE B 

 
Figure. 11 and 12 shows crash anlaysis results for 

AEB activated states at 60 and 120 ms after the 
collision, respectivley. In Figure. 11, it is shown that 
both the proposed airbag types have the concaved 
shape due to the limitation of the x-directional length 
and therefore the contact between the dummy head 
and the airbag cushion is weakend compare to 
conventional airbag (base) case. This weak contact 
results in the rebound motion of the dummy. In 
figure. 12, the dummy head rebound strongly when 
the conventional airbag is used. However, the 
rebound motion of the dummy is limited in the cases 
of using proposed airbag concepts. It is expected that 
the neck extension of the dummy is reduced due to 
the limitation of the x-directional length of airbag 
cushion at initial stage. 
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(a)BASE           (b)TYPE A      (c)TYPE B 

Figure 11. Crash Analysis (60ms) 
 

 
(a)BASE           (b)TYPE A      (c)TYPE B 

Figure 12. Crash Analysis (120ms) 
 

Table 4. Crash Analysis Results 
 

 Injury BASE TYPE A TYPE B 

w/o 
AEB 

HIC 1 0.72 0.68 
Nij 1 0.88 0.84 
Cd 1 0.82 0.83 

w/ 
AEB 

HIC 1.54 0.56 0.42 
Nij 1.26 0.78 0.6 
Cd 0.41 0.38 0.35 

 
Table. 4 shows the calculated main injury values by 
the crash analysis. The results are normalized based 
on the result of AEB non-activated case with 
conventional airbag system. In the table, the injury 
value for HIC and Nij increases although the 
collision velocity decreases from 64 to 40 kph when 
adopting conventional airbag system. Actually, the 
collision energy would be reduced about 60% when 
collision velocity decreases from 64 to 40 kph. It 
seems that the effect of speed reduction by AEB 
system is not reflected or optimized in the 
conventional airbag system. The value of HIC and 
Nij increases approximately 54 and 26 %, 
respectively when AEB is activated with the 
conventional airbag system. The increase of the 
injury value should be originated from the dummy’s 
forward displacement induced by AEB system. That 
is, the strong contact between the conventional airbag 
system and the duumy result in the increase of the 
main injury values. On the other hand, the effect of 
speed reduction seems to be reflected properly in the 
cases of adopting the proposed newly designed 
airbags. In case of TYPE A airbag system, the HIC 
and Nij values decreases 16 and 10 % when AEB is 
activated. The proposed types also shows enhanced 
safety performance even in the cases where AEB is 
not activated.  

 
 

Sled Tests 
The safety performance of the proposed driver-side 
airbag is validated by a series of sled tests. Similar to 
crash analysis scenario, the offset crash mode is 
chosen as a main test scenario. In addition, the full 
frontal mode test is also ferformed for the rigorous 
validation of the developed driver-side airbag. The 
test matrix is summarized in Table. 5. 
 

Table 5. Test Matrix : Sled Tests 
 

 # Mode Collision Velocity Airbag 
1 

w/ 
AEB 

40 kph(OFFSET) 
BASE 

2 TYPE A 
3 TYPE B 
4 

64 kph (OFFSET) 
BASE 

5 TYPE A 
6 w/o 

AEB 
64 kph (OFFSET) TYPE A 

7 56 kph (Full) TYPE A 
 

As mentioned, the measured maximum forward 
displacement of the dummy’s head was 162 mm. The 
maximum forward displacement value is adopted to 
the present tests for when simulate AEB activated 
conditions (#1 to #5 of Table.5).  

 

   
(a)BASE (Conventional DAB) 
 

  
(b)TYPE A 

 

   
(c)TYPE B 

 
Figure 13. SLED TEST (W/AEB, 40kph) 

 
Figure 13-(a), (b), (c) show the results of sled tests 
for baseline, TYPE A, TYPE B driver-side airbags 
respectively.  Compared with the conventional airbag 
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system, both the propsed airbags have the reduced x-
directional displacement at earlier stage (see left 
figures). It is also shown that the reduced x-
directional displacement result in the reduced 
rebound motion of the dummy’s head at later stage 
(127ms after coiilision). The limitation of the x-
directional displacement also result in the main injury 
value of the dummy as shown in Table. 6. HIC and 
Nij values of both the TYPE A and TYPE B airbags 
are 60 and 80% compare to conventional airbag 
system, respectively. 
 

Table 6. Injury Values: Sled Tests (40 kph) 
 

  BASE TYPE A TYPE B 

NECK 
Nij 1 0.6 0.81 

Extension 1 0.45 0.77 
HEAD HIC 1 0.71 0.80 

 
An additional series of sled tests is performed for 

the high-speed collision cases (#4 and #5 of Table.5). 
In the tests, the collision speed is assumed to be 64 
kph since it is the highest speed mode in the current 
global OFFSET test mode. It is assumend that the 
velocity of the vehicle is decreased from 80 to 64 kph. 
The TYPE A cushion is chosed for the present test 
considering the results of 40 kph collision test.   
Figure. 14 shows the test results at 96 ms after the 
collision. In the figure, it is shown that the rebound 
motion of the dummy’s head becomes larger than the 
previous 40 kph cases when conventional airbag 
system is used. The neck of the dummy is observed 
to be folded backward due to the strong interaction 
between the airbag and the dummy’s head. On the 
other hand, the rebound motion of the dummy’s head 
is limited when proposed TYPE A airbag is used. 
This behavioral characteristics are also reflected in 
measured injury values as shown in Fig. 15-(a). In 
AEB activated cases, the neck Fz value is decreased 
about 30 % when TYPE A airbag is adopted. It is 
also shown that the neck injury increases when 
dummy forward displacement occurs.That is, for 
same collision speed, the neck Fz increases 
aprroximately 20 % when AEB is activated. Similar 
trends are also observed for neck moment as shown 
in Figure.15-(b). 

A validation for conventional test modes were also 
performed for both the offset mode and the full 
frontal mode. For the conventional mode, normal 
seating position is adopted following NCAP 

protocols. As a result, all the injury value was lower 
than LLV (lower limit value) of NCAP protocols. 
 

Table 7. Injury Values: Sled Tests (64 kph) 
 

  BASE TYPE A 

NECK 
Nij 1 0.67 

Extension 1 0.55 
HEAD HIC 1 0.48 

 

   
(a)BASE                  (b)TYPE A 

Figure 14. SLED TEST (W/AEB, 64 kph) 

 
(a)Neck Fz (Normalized) 

 
(b)Neck My (Normalized) 

 
Figure 15. Neck Injury (w/AEB, 64 kph) 
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CONCLUSION 
In the present study, a driver-side airbag is 
newly developed considering the driver’s 
forward displacement induced by autonomous 
emergency braking (AEB) system. The 
performance of the developed airbag is 
compared with the conventional driver-side 
airbag which is under mass production and the 
resulting conclusions are as follows. 
 
1) The forward displacement during the 
autonomous emergency braking was measured 
under the Euro-NCAP CCR’s conditions and the 
maximum displacement was 162 mm. The 
distance between the head and the steering wheel 
reaches within 150 mm which means quasi out-of-
position situation.  
2) A driver-side airbag is newly designed to 
mitigate the neck injury induced by the forward 
motion of the driver’s head. The design concept 
of the airbag is to limit the x-directional 
deployment length in the earlier stage by 
adopting three panel cushion. 
3) The crash simulations using the two proposed 
airbag concepts are performed. The main injury value 
such as HIC and Nij increases although the collision 
velocity decreases from 64 to 40 kph in the case of 
adopting conventional airbag system. On the other 
hand, the effect of speed reduction seems to be 
reflected properly in the cases of adopting the 
proposed newly designed airbags. In case of TYPE A 
airbag system, the HIC and Nij values decreases 16 
and 10 % when AEB is activated.  
4) The performance of the proposed driver-side 
airbag is validated by a series of sled tests for both 
the low and the high speed conditions. As a result,  
the rebound motion of the dummy’s head is limited 
when proposed new airbag is used. In AEB activated 
cases, the neck Fz value is decreased about 30 % 
when TYPE A airbag is adopted. Similar trends are 
also observed for neck moment. The moment value 
was decreased approximately 45% when TYPE A 
airbag is used. 
 
Reference 
 
[1] F. Komeno, T. Koide, T. Miyagawa, T. 
Saito, Y. Sukegawa, D. Ito, M. Asaoka, H. 
Yamada 2013, “Crash Sled Test Based 
Evaluation of a Pre-Crash Seatbelt and an 
Airbag to Enhance Protection of Small Drivers 

in Vehicles Equipped with Autonomous 
Emergency Braking Systems”, ESV 13-0241  
 
[2] E. Infantes, M. Caspar, S. Kramer, S. 
Schaub, T. Langner, A. Eggers, T. Unselt, P. 
Lemmen 2015, “The Effect of Pre-Crash Safety 
Systems to Occupant Protection in Offset 
Frontal Impacts”, SAE international 2015-26-
0164 
 
[3] A. Berg, C. Domsch 2011, “Presentation and 
Discussion of a Crash Test Using a Car with 
Automatic Pre-Crash Braking”, ESV 11-0318 
 
[4] E. Kim, S. Min, D. Sung, S. Lee, C. Hong 
2015, “The AEB System with Active and 
Passive Safety Integration for Reducing 
Occupants’ Injuries in High-Velocity Region’, 
ESV 15-0335 
 
[5] Schöeneburg, R., Baumann, K. and Fehring, 
M. 2011. “The Efficiency of PRE-SAFE 
Systems in Pre-braked Frontal Collision 
Situations.” 22nd ESV 2011, No.11-0207 
 
[6] G. Shaw, D. Lessley, J. Ash, J. Crandall, D. 
Parent 2013, “Response Comparison for the 
Hybrid III, THOR Mod Kit with SD-3 
Shoulder, and PMHS in a Simulated Frontal 
Crash”, ESV 13-0130 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



H.Yan, W.Doerr, A.Ioffe, H.Clasen 

MICRO-DOPPLER BASED CLASSIFYING FEATURES FOR AUTOMOTIVE RADAR VRU TARGET CLASSIFICATION 
 
Honghui Yan 
Wolfgang Doerr 
Alexander Ioffe 
Henrik Clasen 
 
Advanced Engineering, Delphi Deutschland GmbH   
Germany   
 
Email: {Honghui.Yan, Wolfgang.Doerr, Alexander.Ioffe, Henrik.Clasen}@delphi.com 
 
Paper Number: 17- 0238 
 
ABSTRACT 
 
In order to increase traffic safety, automotive radar based Vulnerable Road User (VRU) detection and 
classification approaches are drawing more and more attention in recent years. There has been a growing 
interest in the potential use of micro-Doppler features in discrimination of VRU targets, e.g. pedestrians and 
cyclists.  
 
In the paper, micro-Doppler of pedestrians and cyclists is examined by using actual data from Delphi 76GHz 
radar sensors as well as by computer simulations. Some practical issues in actual automotive radars, such as 
transmission gaps, thresholding, as well as the effect of target speed on micro-Doppler generation are 
discussed in the paper.  
 
In addition, in order to apply micro-Doppler into VRU classification, the micro-Doppler pattern could be 
decomposed, and parameters could be estimated afterwards. In the paper, micro-Doppler decomposition 
and parameter estimation is discussed based on a SVD (Singular Value Decomposition) method.  One of the 
SVD matrixes contains time dependent information, where the period/cycle of micro-Doppler pattern can be 
estimated. Another matrix contains information e.g.  micro-Doppler spreads, symmetry, where relationship 
between different motion parts of the targets can be discovered. 
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1. INTRODUNCTION 

Automotive radars are widely used in various 
applications [1][2], e.g. Advanced Emergency Braking 
(AEB) and adaptive cruise control (ACC), as well as 
autonomous driving. The discrimination and 
classification of Vulnerable Road Users (VRU), such 
as pedestrians and cyclists, are more and more 
important for those applications, and drawing 
attention of automotive industry.  
 
In recent years classification of VRU targets has been 
widely investigated, suggesting that micro-Doppler 
signatures are promising for target discrimination 
[3][4]. It is well known that the relative movement 
between the radar and targets induces the Doppler 
effect. The relative movement here generally means 
main body (i.e. pedestrian torso, bike frame) motion 
with respect to the radar. Beside the main body 
motion, there exist relative motions between the 
radar and target components, such as periodic 
swinging of the legs/arms, the rotation of the 
wheels/pedals of the bike for VRU targets. The 
Doppler effect induced by those relative motions 
between the radar and target components is usually 
named Micro-Doppler in literature [3].  
 
The micro-Doppler signature of the target is a 
superposition of Doppler shifts from each individual 
component. If a component of the target has a 
distinct rotation or translation, this part will return 
unique Doppler causing a spread in the Doppler 
spectrum. The spectrum width indicates the 
maximum velocity of the micro-motions relative to 
the main velocity component. In addition, many VRU 
micro-motions are of periodic nature, i.e., the 
swinging of arms/legs and the rotation of wheels. 
The corresponding spectrograms are periodic as 
well.  
 
The micro-Doppler feature of targets is characteristic 
for different target classes. Pedestrians, animals, 
cyclists, cars have different micro-Doppler 
signatures. In lots of studies, micro-Doppler 
signature is exploited to discriminate those objects 
to enhance driving safety.  
 
This paper discusses the characteristics of VRU 
micro-Doppler in automotive application scenarios. 
Practical issues which should be taken into 
consideration for actual automotive radars are 
discussed.   
 

2. MICRO-DOPPLER CHARACTERISTICS OF VRU 
TARGETS 

The micro-Doppler of VRU targets typically 
comprises a number of pattern cycles due to the 
periodic motion of the targets. Those pattern cycles 
are constructed by a couple of frequency 
components which correspond to different motion 
parts of the target. The pattern cycles and the 
characteristic of the frequency components are 
important features for target classification. Taking 
pedestrian as an example, VRU micro-Doppler 
pattern is discussed in this section.    
 
2.1 MICRO-DOPPLER OF PEDESTRIANS 
 

Figure 1~Figure 3 show some pedestrian micro-

Doppler spectrograms. There are generated via 

computer simulation for the scenarios: laterally 

moving pedestrian, longitudinally approaching 

pedestrian, and     approaching pedestrian 

scenarios, respectively.  In the simulation, a 

kinematic human model is used [3][5].    

Radar parameters in the simulation: 

 Radar frequency: 76.5GHz;  

 Range resolution: 0.4m.  

 Radar height over the ground: 0.6m; 
 

Pedestrian parameters in the simulation: 

 Pedestrian relative speed: 1m/s;  

 Pedestrian height: 1.8m 

 
  

 
(a) Laterally moving pedestrian scenario. Blue line: 

pedestrian moving track;  red line: radar boresight 
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(b) Micro-Doppler pattern 

Figure 1. Laterally moving pedestrian. The horizontal line 
@ Doppler-bin=1024 is the position of zero-Doppler.  

As seen in the figures, the pedestrian micro-Doppler 
is constructed by the contributions from each 
individual body component, i.e. torso, arm, foot, etc. 
It can be observed that 

 Micro-Doppler magnitude and spectrum 
width: the micro-Doppler of feet has the largest 
magnitude variation due to the fact that feet have 
the largest relative speed as compared with other 
body components.  Consequently, the feet have 
the largest spectrum width. Similarly, lower-leg 
and low-arm have a larger micro-Doppler 
magnitude and spectrum width as well, 
compared with that of the torso.  
 
In addition, it is noted that micro-Doppler 
magnitude and spectrum width are illumination 
geometry dependent. For example, it is with a 
small value in the centre of Figure 2 (b) and in 
the right side of Figure 3 (b), where relative 
speeds are small due to the illumination 
geometries described in Figure 2 (a) and Figure 
3 (a). The micro-Doppler magnitude and 
spectrum width for each individual body 
component are constant for the longitudinally 
moving pedestrian scenarios for the fact that 
illumination geometry does not vary during the 
data collection period.  

 Strength/energy of the pattern: the torso 
component is the strongest, while that of feet is 
much weaker. A certain strength level is required 
to ensure a robust detection and classification.  

 Spectrum symmetry: spectrum symmetry differs 
for different scenarios. In global micro-Doppler 
spectrogram sense, micro-Doppler spectrum is 

symmetric over gait cycles for longitudinally 
moving pedestrians; and symmetric with respect 
to the intersection of the zero-Doppler line and 
the radar bore-sight for laterally moving 
pedestrians. However, the spectrum is 

asymmetric for     moving pedestrians since 
that the spectrum magnitude decreases when 
targets approach the radar.  

 Pattern Cycle: pattern cycle is gait cycle 
dependent. Typically the duration of the cycle is 

empirically around               √      , 

where      is the relative target speed 

(normalized by the thigh height) in m/s    [4].  
That is to say, the duration of the pattern cycle is 
pedestrian relative moving speed dependent. 
The faster the pedestrian, the shorter the cycle 
duration in micro-Doppler.  

 
(a) Longitudinally approaching pedestrian scenario.  Blue 

line: pedestrian moving track;  red line: radar boresight 

 

 
(b) Micro-Doppler pattern 

Figure 2 Longitudinally moving pedestrian. The horizontal 
line @ Doppler-bin=1024 is the position of zero-Doppler.   
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(a)     approaching pedestrian scenario. Blue line: 

pedestrian track;  red line: radar boresight 

 
 

 
(a) Micro-Doppler pattern 

Figure 3.     approaching pedestrian. The horizontal line 
@ Doppler-bin=1024 is the position of zero-Doppler. 

An actual pedestrian micro-Doppler spectrogram is 

given in Figure 4. It is generated by a Delphi side-

looking radar.  It is seen that feet, arms, and the 
torso have different characteristics since they have 
different relative motion signatures. The micro-
Doppler spread of feet is much greater than others.  
 
It is noted that the micro-Doppler of feet might be 
invisible under certain conditions due to weak 
reflection nature of the feet. As a comparison, the 
micro-Doppler of the body (torso) is much stronger 
and with good visibility.  Invisibility of certain micro-
Doppler components may lead classification errors.   
 

In Figure 4, the relationship between the gait cycle 

and the micro-Doppler pattern is given. The gait 
cycle is one of the important features for pedestrian. 
 

 

Figure 4  Pedestrian micro-Doppler pattern generated by 
a Delphi radar 

2.2 MICRO-DOPPLER OF CYCLISTS 
Figure 5 shows an actual micro-Doppler pattern 
acquired from a Delphi radar for a longitudinally 
moving cyclist. Figure 6 is the corresponding 
computer simulation. It is shown that cyclist 
micro-Doppler comprises components from, e.g. 
wheels, pedals/legs, as well as the bike-frame and 
the human-body on the bike.  

For the simplification of discussion, the micro-
Doppler from wheels and pedals/legs can be 
further split into two parts: lower part and upper 
part.  The upper and lower parts in micro-Doppler 
spectrograms correspond, respectively, upper and 
lower part of the wheels for the concerned 
scenario. 
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Figure 5 Longitudinally moving cyclist micro-Doppler 
pattern from a Delphi radar. Upper figure: micro-Doppler 
in speed-range domain. Lower Figure: micro-Doppler in 
traditional speed-slow time domain.  

 

Figure 6 Simulated bike micro-Doppler (Only two 
reflecting points on the wheel are simulated for 
simplicity) 

It is observed from the figures that: 

 Micro-Doppler magnitude and spectrum 
width: the spectrum width of the wheels is 
much wider than that of pedals/legs and the 
bike-frame. The maximum micro-Doppler 
magnitude of the wheels, i.e. the upper part 
the wheel micro-Doppler, is approximately 
double that of bike-frame/axis for the 
concerned scenario; 

 Strength/energy of the pattern: The lower 
part of the wheel micro-Doppler is much 
weaker than the upper part due to radar 
illumination geometry. However, reflection 
from pedals/legs is much stronger than that 
from wheels.  

 Spectrum symmetry: micro-Doppler spectrum 
is symmetric over rotation cycles for the 
concerned scenario. 

 Pattern Cycle: the pattern cycle is related to 
the rotation cycles of the wheels and 
pedals/legs, as shown in both measured and 
simulated patterns.  

It is noted that wheel micro-Doppler might be 
invisible in a far range (e.g. as shown in Figure 5), 
due to the attenuation of the echo signal in far 
range as well as radar illumination geometry. It is 
interesting to note that pedal/leg micro-Doppler is 
much stronger than that of wheels. It implies that 
pedal/leg micro-Doppler is also a promising feature 
for cyclist classification.  

3. SOME PRACTICAL CONSIDERATIONS IN VRU 
MICRO-DOPPLER EXTRACTION 

 
3.1 EFFECT OF TRANSMISSION GAPS 

In literature, there are lots of algorithms can be used 
for Micro-Doppler spectrogram generation e.g. 
Short-Time-Fourier-Transform (STFT), or Wigner-
Ville distribution (WVD) based algorithms [3] etc. In 
those algorithms, signals to be processed are 
generally uniformly sampled in slow-time. That is, 
those algorithms cannot be directly applied for 
radars with non-uniform transmissions. 
 
A popular automotive radar transmission scheme is 

shown in Figure 7. Usually there are gaps among 

transmission groups, i.e. CPI (coherent processing 
interval) in the figure . In signal processing point of 
view, the transmission can be regarded as a kind of 
non-uniform transmission due to the gaps.  In this 
case, we cannot directly use the algorithms 
mentioned above e.g. STFT, WVD to process non- 
uniformly sampled data directly. An appropriate 
solution should be worked out for the gapped 
data. 

 
Figure 7  Example of automotive radar transmission 
scheme.  A number of transmissions (e.g. 128) comprise a 
“CPI”. A group of transmissions within a “CPI” is typically 
the basic unit for automotive radar signal processing.  For 
instance, a range-Doppler map can be obtained by the 
data obtained from a certain “CPI”.   Transmissions 
within a “CPI” are typically uniformly distributed. 
However, sometimes there are gaps among CPIs for 
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actual automotive radars.  In this case, transmissions are 
not uniform over CPIs anymore due to the gaps.  

3.2 EFFECT OF THRESHOLDING 

Thresholds, e.g. sensitivity, CFAR (Constant False 
Alarm) thresholds are widely used in automotive 
radar signal processing. These thresholds are used 
to separate objects of interest from noise and 
clutter, and also to limit the burden on the radar 
processor. It is seen in the Figure 8 that, the 
thresholding processing impacts greatly the 
performance of micro-Doppler.  

 

Figure 8 Effect of thresholding on micro-Doppler. Applied 
thresholds are -30dB, -25dB, -20dB, -15dB, -10dB, -5dB 
with respect to the maximum peak in the raw data 
domain respectively.  

We apply increasing thresholds from -30dB until -
5dB onto the raw-data, then apply STFT to get 
spectrograms as given in ①~⑥ of the Figure 8, 
respectively. It is seen that, the higher the 
threshold applied, the more details are missing in 
micro-Doppler. The micro-Doppler component of 
feet almost disappear in ④ of the figure. All the 
pedestrian micro-Doppler components are lost in 
⑥ of the figure when a high threshold is applied. 
It implies that, in order to get effective micro-
Doppler features, the radar must have the sensitivity 

to extract these features from the noise floor of the 
sensor and from the surrounding clutter; and the 
threshold levels should be appropriately set in data 
preparation. 

3.3 EFFECT OF VRU TARGET SPEED ON MICRO-
DOPPLER EXTRACTION 

The relative target speed is usually involved in the 
determination of Pulse Repetition Frequency 
(PRF), as well as in the estimation of the number 
of scans which are needed for pattern 
classification and recognition.  

 

Figure 9 Relative speed and PRF. Radar Frequency: 
77GHz. Here relative speed is the relative speed between 
human torso and the radar. It is not the maximum 
relative speed between the body components and the 
radar.   

Taking the scenario as mentioned in Figure 2 as 

an example, different PRF rates, i.e. PRF=1000, 
2000, 3000, 8000 (pulse/second), are applied in 
the procedure of the raw data generation, 

respectively. Figure 9 shows the obtained 

spectrograms. As shown in the figure, micro-
Doppler pattern will be ambiguous if PRF is too 
low. In order to get an unambiguous micro-
Doppler pattern, PRF should be appropriately set. 
Generally for FMCW radar system, PRF can be set 
as 

            

where   is the wavelength, and      is the 
maximum relative speed between the radar and 
the target components.  Actually         is the 
maximum Doppler frequency induced by motion 
of target components. That is PRF should be 
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greater than twice of the maximum Doppler 
frequency. 

It is noted that,      is not the relative speed 
between the human body (i.e. torso) and the 
radar. Usually, it is the relative speed between 
feet and the radar. The relative speed of feet 
could be much higher than that of body/torso.  
For most moving pedestrians, the PRF can be set 
e.g. >11k for stationary millimeter automotive 
radars. An even higher PRF, e.g. 35K, can be 
selected for the case of moving radar host vehicles 
(e.g. with speed of < 70km/h) with targets e.g. 
typical pedestrians and cyclists.  

In order to recognize/classify VRU targets, a 
certain number of micro-Doppler pattern cycles 
need to be collected. Generally, the more micro-
Doppler pattern cycles are available, the higher 
the classification performance. In the generation 
of micro-Doppler pattern a number of scans are 
required by the micro-Doppler processor for each 
micro-Doppler cycle. Taking pedestrian micro-

Doppler as an example, Figure 10 shows the 

relationship between the target speed and the 
number of scans required by a micro-Doppler 
cycle. The slower the target, the more scans (in 
other words, the more time) are needed to obtain 
one micro-Doppler cycle.  

Let’s consider the case that the radar approaches 
the target with a high speed, and the case that the 
radar locates in a close range to the target. In 
both case, the available observation time is very 
short due to the high relative speed, and a closer 
range. The shorter the observation time, the less 
possibility the targets are correctly classified. 
Extremely, the available observation time cannot 
support generation of a full micro-Doppler cycle. 
In this case, VRU classification would become even 
more challenging.  

 

 

Figure 10 Number of scans vs. pedestrian speed for a 
micro-Doppler gait cycle, @ scan-period=30ms. It is noted 
that the x-axis is target speed over ground. It is not the 
relative speed with respect to the radar.  

4. MICRO-DOPPLER DECOMPOSITION AND 
PARAMETER ESTIMATION 

The micro-Doppler patterns e.g. as shown in 

Figure 1~Figure 5, usually cannot directly be used 

for target classification. Typically classifying 
features should be extracted based on those 
patterns. One of the possible micro-Doppler 
feature extraction approaches is to decompose 
the micro-Doppler pattern by e.g. Singular Value 
Decomposition (SVD) based solutions [6][7].  

Figure 11 gives an example of micro-Doppler 
decomposition. Using the data as shown in Figure 
2(b), labeled with “Pedestrian, all components”, 
the micro-Doppler pattern can be decomposed 
into three matrixes U, S, V, by using SVD approach 
as shown in Figure 11, where 

 The matrix U contains time dependent 
information. The period/cycle of micro-Doppler 
pattern can be estimated from this matrix.  

 The matrix S contains amplitude information.  

 The matrix V contains Doppler information 
Doppler spread, and symmetry can be 
estimated  
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Figure 11 Micro-Doppler decomposition for the data as 
shown in Figure 2(b), labeled with “Pedestrian, all 
components”.  

 

Figure 12 One of the components in matrix U.  

The advantage of above approach is that micro-
Doppler feature is not affected by RCS/amplitude 
of the signal, since the matrix U and V are 
RCS/amplitude independent. 

Figure 12 shows one of the components in matrix 

U.  As an example of parameter estimation based 
on decomposed matrixes, parameters e.g. pattern 

cycles can be estimated from Figure 12. 

5. CONCLUSIONS 

In order to explore the VRU micro-Doppler 
signatures, the characteristic of micro-Doppler is 
investigated under different scenarios by simulation 
and radar measurement.  
 
As expected, for pedestrians the feet have the 
largest micro-Doppler spread as compared with 
other body components. However, it not always 
visible in an actual automotive radar measurement 

due to the weak reflection and illumination 
geometry for some cases. Micro-Doppler pattern 
differs scenarios, e.g. longitudinally -, laterally-, or 
    moving scenarios.    
 
For cyclists, both of the wheel and pedal have 
circular shape micro-Doppler patterns.  However, 
the reflection from pedals is much stronger than that 
of wheels. Both of the wheel and pedal micro-
Doppler are important features for cyclist 
classification.  
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ABSTRACT 
 
The National Transportation Safety Board (NTSB) is an independent federal agency charged by Congress to 
investigate every civil aviation accident and significant accidents in all other modes of transportation, 
including highway, railroad, marine, pipeline and hazardous materials. The NTSB is not part of the 
Department of Transportation. The NTSB uses a similar investigative process for all the transportation modes, 
regardless of the complexity of the accident or the vehicle systems involved. The objective of this paper is to 
document the NTSB’s process for investigating all crashes with a focus on vehicle and system automation, 
particularly in the highway mode where the transition to automated control systems is occurring in the current 
vehicle fleet. 
 
The NTSB follows a systematic investigative process for all modes of transportation, with modal specialists 
leveraging support from in-house research and engineering laboratories. The paper explains each step of the 
investigative process from start to finish, including the initial crash notification, launch selection, the on-scene 
phase, the party process, recorded data, laboratory capabilities, investigative hearings, factual reports, 
technical reviews, analysis reports, safety recommendations, and the final NTSB products. The paper will 
highlight the breadth and diversity of the NTSB disciplines covered throughout the investigation: 
biomechanical engineers, survival factors specialists, human factors experts, meteorologists, structural 
engineers, materials scientists, recorder engineers, medical and toxicological specialists, and vehicle dynamics 
engineers. Examples from NTSB investigations are highlighted to elucidate the investigative process and its 
application to vehicle and system technologies. Measures of NTSB effectiveness are discussed, including 
recommendation acceptance rates and outreach efforts. 
 
The goal of the NTSB investigation is to determine the probable cause of the crash and to issue safety 
recommendations to prevent future crashes or reduce the severity of future crashes; the goal is not to assign 
blame or determine fault. Through a formal system involving designated parties to the investigation, the NTSB 
leverages the technical knowledge of organizations associated with a crash, such as the operators, 
manufacturers, unions, maintenance operators, and regulatory agencies. The party system ensures that all 
factual information is collected, agreed to, and reported correctly. This process enables the party members to 
obtain knowledge of critical aspects of a crash investigation in a timely manner. The NTSB takes full 
responsibility for determining the probable cause and making recommendations; this unbiased reporting fosters 
public trust that safety is being properly addressed.  The NTSB’s investigative process has successfully 
documented the probable cause and issued safety recommendations for complex investigations in all 
transportation modes. Case examples from recent investigations will serve as examples of the investigative 
process: the crash during landing of Asiana Flight 314, the Washington Metro Area Transit Authority red line 
crash, and the high-speed derailment of the Amtrak train in Philadelphia, PA.  
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INTRODUCTION 

In 1967, Congress consolidated all transportation 
agencies into a new U.S. Department of 
Transportation (DOT) and established the NTSB as an 
independent agency placed within the DOT for 
administrative purposes. In creating the NTSB, 
Congress envisioned that a single organization with a 
clearly defined mission could more effectively 
promote a higher level of safety in the transportation 
system than the individual modal agencies working 
separately. An aviation predecessor of the NTSB 
originated in the Air Commerce Act in 1926, which in 
turn evolved into the Civil Aeronautics Board in 1940.  
Since 1967, the NTSB has investigated accidents in 
the aviation, highway, marine, pipeline, and railroad 
modes, as well as accidents related to the 
transportation of hazardous materials. 

In 1974, Congress reestablished the NTSB as a 
completely separate entity, outside the DOT, reasoning 
that " ...No federal agency can properly perform such 
(investigatory) functions unless it is totally separate 
and independent from any other ... agency of the 
United States. " Because the DOT has broad 
operational and regulatory responsibilities that affect 
the safety, adequacy, and efficiency of the 
transportation system, and transportation accidents 
may suggest deficiencies in that system, the NTSB's 
independence was deemed necessary for proper 
oversight. The NTSB, which has no authority to 
regulate, fund, or be directly involved in the operation 
of any mode of transportation, conducts investigations 
and makes recommendations from an objective 
viewpoint.  

The NTSB is comprised of five Board members who 
are nominated by the president and confirmed by the 
Senate to serve five-year terms. One member is 
designated as the Chairman and another as the Vice 
Chairman, with each serving a two-year term. The 
NTSB staff of about 400 individuals includes technical 
experts in all transportation modes including aviation, 
railroad, highway, marine, pipeline, and hazardous 
materials. Supporting the modal offices are the Office 
of Research and Engineering, which includes 
laboratories dedicated to recorded information, 
materials investigations, simulation, data analysis, and 
animation, along with other administrative offices. 

In 1996, Congress assigned the NTSB the additional 
responsibility of coordinating Federal assistance to 
families of aviation accident victims. While originally 
legislated to provide assistance following major 
aviation accidents, the program has expanded to 

provide assistance in all modes of transportation on a 
case-by-case basis.  

To date, the NTSB has issued over 14,400 safety 
recommendations to more than 2,300 recipients. [1] 
Because the NTSB has no formal authority to 
regulate the transportation industry, our 
effectiveness depends on our reputation for 
conducting thorough, accurate, and independent 
investigations and for producing timely, well-
considered recommendations to enhance 
transportation safety. The objective of this paper is 
to document the NTSB’s process for investigating 
all crashes with a particular focus on vehicle and 
system automation, particularly in the highway 
mode where the transition to automated control 
systems is occurring in the current vehicle fleet. 

METHODS 

The NTSB process for investigating a crash begins 
with the initial notification. Early notification is 
critical to an organized investigation and the 
notification process is defined by procedures in each 
mode. For highway crashes, this notification typically 
comes from the NTSB 24-hour Response Operations 
Center, which monitors the news reporting systems 
watching for events that match an active list of crash 
types of interest. The NTSB may also be notified by 
our industry and government partners. Initial 
information concerning the circumstances of the crash 
are communicated to a modal duty officer who makes 
initial contact with the local law enforcement 
personnel on-scene to confirm the nature of the crash. 
Based on the circumstances of the crash, a 
management decision to launch to a crash site is 
determined and a go-team is formed. 

Launch Selection 

The launch selection process is established by each 
transportation mode at the NTSB. In highway crash 
investigations, the NTSB has the ability to select 
crashes that have national importance, represent a 
significant loss of life, address emerging technologies 
or threats, or contribute knowledge to areas of special 
investigation. Recent crash investigations have 
focused on infrastructure failures, large school buses, 
railroad grade crossing collisions, multi-vehicle 
crashes involving commercial vehicles, catastrophic 
motorcoach crashes, pedestrian collisions, and 
collisions involving vehicles with advanced 
technologies. 
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Go-Team 

A highway investigation go-team consists of NTSB 
specialists in human factors, survival factors, vehicle 
performance, crashworthiness, highway factors, motor 
carrier factors, data- and video-recorders, 
biomechanics, medical factors, and crash 
reconstruction. The composition of the team is based 
on the nature of the crash. The go-team is led by an 
investigator-in-charge (IIC), who is a senior 
investigator with years of NTSB investigative 
experience. On major investigations, those involving a 
full go-team and with national interest, an NTSB 
Board member accompanies the go-team to serve as 
the primary spokesperson for the investigation. The 
go-team typically departs for the crash scene within 
several hours of the initial notification in order to 
initiate the investigative process to capture perishable 
forensic evidence. 
 
Investigative Process 
 
The investigative process begins with the on-scene 
phase of the investigation. This phase usually 
continues for approximately one week, depending on 
the location of the crash and the complexity of the 
investigation. 
 
On-scene investigation 
 
During the on-scene phase, NTSB specialists are 
responsible for a clearly defined portion of the 
investigation. Working groups are formed with each 
NTSB specialist serving as the group chair. These 
specialized working groups are staffed by technical 
experts from the parties (see the party system in the 
next section) to the investigation. While most working 
groups operate on-scene, some groups such as the 
recorders group may operate at the NTSB 
headquarters to ensure the security of the recorded 
data. 
 
The party system 
 
The NTSB designates participating organizations to be 
parties associated with the crash investigation. Party 
members bring a technical or specialized expertise to 
contribute to a specific working group. For example, 
in a highway investigation, party status may be offered 
to an equipment manufacturer, a union representative, 
the vehicle manufacturer, the local law enforcement 
agency and the branch or branches of the DOT 
responsible for oversight of the situation. This 
designation as a party enables the NTSB to work with 
those involved in a crash to ensure that a complete and 
technically correct factual documentation of the 

circumstances and evidence are gathered and 
documented for each crash. The party members 
participate in the working groups where they have 
technical expertise and are responsible for reviewing 
and validating the documentation of factual evidence. 
This process further enables the party members to 
obtain knowledge of critical aspects of a crash 
investigation in a timely manner. Persons in legal or 
litigation positions are not allowed to be assigned as 
party members to the investigation. All party members 
report to the NTSB, and agree that the NTSB will be 
the sole source of information about the investigation 
for the media. 
 
Factual Phase 
 
Once the on-scene phase of the investigation is 
complete, the NTSB technical specialists, working 
with their party group members, finalize the factual 
reports. During this period, the IIC, working with 
management and the engineering labs, plans the 
additional work required for the investigation, which 
may include additional tests and documentation of 
equipment or examination of exemplar vehicles and 
systems. Medical records may be subpoenaed and 
autopsy reports are requested to fully document the 
injuries sustained by those involved in the crash. 
Toxicology tests may be processed on vehicle 
operators to better understand their fitness to operate 
the vehicle at the time of the crash. Design drawings, 
equipment specifications, maintenance records, and 
business records may be needed to understand vehicle 
operations. Simulations representing the crash 
dynamics may also be performed during this phase of 
the investigation. Party members assigned to each 
working group are responsible for reviewing the 
factual reports to ensure their accuracy and 
completeness. 
 
Recorded data 
 
In commercial aviation, flight data recorders (FDR) 
and cockpit voice recorders (CVR) are common and 
NTSB’s experience with them has developed an 
expetise that is applied to locomotive recorders, 
marine voyage recorders, and event data recorders 
from all modes. Highway vehicles may also be 
equipped with electronic data recorders, airbag 
modules, engine control modules, and other devices 
that can document event and crash related information. 
Commercial highway vehicles may also equipped with 
recording devices such as event-based and continuous 
video recording systems. Further, additional recorded 
data in all modes of transportation may be available 
from non-traditional devices such as surveillance 



Poland  4 
 

cameras, smart phones, tablet computers, and medical 
devices. 
 
Laboratory capabilities 
 
The NTSB laboratories are located in the headquarters 
facility in Washington, DC and include laboratories 
focusing on recorders, vehicle and infrastructure 
materials, simulation, animation, and data analysis. 
The recorders laboratory is a state-of-the-art facility 
originally designed to enable downloads of aviation 
flight data recorders and cockpit voice recorders, both 
intact and after damage and fire sustained during a 
crash. The laboratory supports all modes with a 
capability to recover, download, and document 
recorded data from trains, ships, pipelines, highway 
vehicles, and all other forms of video, audio, and 
personal electronic devices. This laboratory also 
supports foreign investigations.  
 
The materials laboratory staff of multi-disciplinary 
engineers examine vehicle components and 
infrastructure wreckage from crashes in all 
transportation modes. Staff performs expert scientific 
analyses to determine if the performance of materials 
and structures in the crash conditions were related to 
the cause or severity of the event. 
 
The simulation lab consists of a cab-based commercial 
vehicle driving simulator used to recreate crash related 
circumstances in a laboratory environment. The 
simulation lab also uses three-dimensional (3D) laser 
scanning technologies to document crash related 
evidence including the crash scene, damaged vehicles, 
and exemplar vehicles. The 3D laser scanning data 
enables review of the crash environment and vehicles 
virtually.  
 
An animation laboratory combines all of the factual 
data from the other laboratories, along with additional 
pertinent investigative information, into animations 
depicting the crash scenarios to highlight key 
information that aids in understanding a complex 
sequence of events. 
 
The laboratories, resident within the Office of 
Research and Engineering, also include a statistical 
and data analysis division. Research staff prepare 
safety reports based on analyses of transportation 
accident data which are used to determine factors 
common to a series of events and to identify safety 
improvements or evaluate the value of transportation-
related devices or policy. The laboratory also provides 
statistical expertise to support the analytical projects of 
the NTSB. Also within the Office of Research and 

Engineering are medical officers, biomechanical 
engineers, and fire/explosion specialists. 
 
Investigative hearing 
 
The Board may choose to hold an investigative 
hearing to gather additional factual information in 
support of a major investigation. During an 
investigative hearing, sworn testimony is gathered 
from subpoenaed witnesses addressing specific aspects 
of the investigation. The investigative hearing also 
serves to allow the public to observe the factual 
portion of the investigative process. Typically, an 
investigative hearing is held within the first six months 
after a crash has occurred but may be held after that 
time for more complex investigations. 
 
Technical review 
 
During the technical review, the party members are 
provided draft factual reports from all the investigative 
working groups, including groups on which they may 
not have technical representation. During the technical 
review, the party members review the factual reports 
and provide technical information to support any 
substantive changes that are proposed. Once the 
factual information has been reviewed and finalized, 
the groups’ factual reports and any associated factual 
information are archived in the NTSB’s public docket 
management system, which is available on the 
NTSB’s web page. 
 
Analysis Phase 
 
Following completion of the factual reports, the NTSB 
technical specialists then analyze the factual 
information to identify safety deficiencies that need to 
be addressed in order to mitigate the severity or to 
prevent the occurrence of a similar crash in the future. 
The party members do not participate in the analysis 
of the factual information or in writing the analytical 
reports but may still contribute key information to 
group leaders during this phase. Analytical reports are 
not available in the docket management system 
because those reports are viewed as staff opinions 
concerning the investigation, whereas the analysis and 
conclusions from the investigation are considered to 
be the opinion of the NTSB. 
 
Final Board Report 
 
The final Board report is a compilation of the relevant 
factual and analytical information gathered and 
developed during the investigative process. The Board 
report includes the Board’s statement of probable 
cause, investigative conclusions and recommendations 



Poland  5 
 

issued to prevent or mitigate the severity of a future 
crash. Parties to the investigation are permitted to 
submit their proposed findings of cause and proposed 
safety recommendations, which are made part of the 
public docket.  
 
The investigative staff presents their work to the Board 
Members that deliberate over the final report in a 
public Board meeting in Washington, D.C. The Board 
Members debate all aspects of the draft report and 
conduct separate votes on the probable cause, the 
conclusions, and the recommendations, and may file 
an assenting and/or dissenting opinion. The final 
report and presentations shown during the public 
meeting are available on the NTSB web page shortly 
after the conclusion of the Board meeting. 
 
RESULTS 

The results section of this paper presents a summary 
of several on-going and completed NTSB 
investigations.  

Williston, Florida 

The Williston, Florida crash involves the first 
known fatality in a vehicle operating using 
automated control systems. As of April 2017, the 
crash remains under investigation by the NTSB. A 
final report is expected during the 2017 calendar 
year. The NTSB’s preliminary report detailed the 
collision involving a 53-foot semitrailer in 
combination with a 2014 Freightliner Cascadia 
truck tractor and a 2015 Tesla Model S, which 
occurred on May 7, 2016. [2] The vehicle’s system 
performance data revealed the driver was using the 
advanced driver assistance features Traffic-Aware 
Cruise Control and Autosteer lane keeping 
assistance to tactically control the vehicle. Used in 
combination, these systems are referred to by Tesla 
Motors as an Autopilot system. The semitrailer and 
passenger vehicle were scanned using a 3-
dimensional (3D) laser scanner. Figure 1 and Figure 
2 shows images from the laser scanner of 
semitrailer and vehicle, respectively.  
 

 
Figure 1. The image depicts certain dimensional 
data as measured from the 3D scan point cloud of 
the semitrailer.  
 

 
Figure 2. Image depicting linked 3D scans of the 
passenger vehicle used for measurements. 
 
 A team of NTSB investigators traveled to Williston 
to conduct the on-scene phase of the investigation. 
The team used 3D laser scanning technology to 
document the crash location, the damaged trailer, 
and the damaged passenger car. NTSB investigators 
continue to collect and analyze performance data 
from the car’s multiple electronic systems. This 
data along with other information collected during 
the on-scene phase of the investigation will be used 
to evaluate the crash events. Parties to the 
investigation are Tesla Motors and the Florida 
Highway Patrol. All aspects of the crash remain 
under investigation. 
 
Collision of Two Washington Metropolitan Area 
Transit Authority Metrorail Trains near Fort 
Totten Station, Washington, D.C. 
 
On June 22, 2009, inbound Washington 
Metropolitan Area Transit Authority (WMATA) 
Metrorail train 112 struck the rear of stopped 
inbound Metrorail train 214. The accident occurred 
on the aboveground track on the Metrorail Red Line 
near the Fort Totten station in Washington, DC. As 
shown in Figure 3, the lead car of train 112 struck 
the rear car of train 214, which resulted in a loss of 
occupant survival space in the lead car of about 63 
feet (about 84 percent of its total length). Nine 
people aboard train 112, including the train 
operator, were killed. Emergency response agencies 
reported transporting 52 people to local hospitals. 
Damage to train equipment was estimated to be $12 
million. [3] 
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Figure 3: The postcrash positions of Metrorail train 
112 and 214. 
 
The NTSB determined that the probable cause of 
the accident was (1) a failure of the track circuit 
modules, built by GRS/Alstom Signaling, Inc., 
which caused the automatic train control system to 
lose detection of train 214 (the struck train) and 
thus transmit speed commands to train 112 (the 
striking train) up to the point of impact and (2) 
WMATA’s failure to ensure that the enhanced track 
circuit verification test (developed following the 
2005 Rosslyn near-collisions) was institutionalized 
and used systemwide, which would have identified 
the faulty track circuit before the accident. 
 
Contributing to the accident were (1) WMATA’s 
lack of a safety culture, (2) WMATA’s failure to 
effectively maintain and monitor the performance of 
its automatic train control system, (3) General 
Railway Signal/Alstom Signaling, Inc.’s failure to 
provide a maintenance plan to detect spurious 
signals that could cause its track circuit modules to 
malfunction, (4) ineffective safety oversight by 
WMATA’s Board of Directors, (5) the Tri-State 
Oversight Committee’s ineffective oversight and 
lack of safety oversight authority, and (6) the 
Federal Transit Administration’s lack of statutory 
authority to provide Federal safety oversight. 
 
Contributing to the severity of passenger injuries 
and the number of fatalities was WMATA’s failure 
to replace or retrofit the 1000-series railcars after 
these cars were shown in a previous accident to 
exhibit poor crashworthiness. The NTSB issued 
multiple recommendations as a result of this 
investigation. The WMATA Metrorail system has 
still not fully returned to the automatic train control 
system. 
 
 
 
 

Crash of Asiana Flight 214, San Francisco, 
California 
 
On July 6, 2013, a Boeing 777-200ER, Korean 
registration HL7742, operating as Asiana Airlines 
flight 214, was on approach to runway 28L when it 
struck a seawall at San Francisco International 
Airport (SFO), San Francisco, California. The 
airplane was destroyed by impact forces and a 
postcrash fire (Figure 4). [4] 
 

 
Figure 4: Fire damage to the fuselage of flight 214. 
 
There were many safety issues identified in the final 
report of the Asiana Flight 214 investigation, 
including pilot training and the use of standard 
operating procedures, aircraft fire and rescue 
operations and protocols, and survival factors issues 
related to the aircraft’s evacuation and the airports 
emergency procedures. With regard to highly 
automated vehicles, the investigation called for 
reduced design complexity and enhanced training 
on the airplane’s autoflight system. 
 
The NTSB determined that the probable cause of 
this accident was the flight crew’s mismanagement 
of the airplane’s descent during the visual approach, 
the pilot flying’s unintended deactivation of 
automatic airspeed control, the flight crew’s 
inadequate monitoring of airspeed, and the flight 
crew’s delayed execution of a go-around after they 
became aware that the airplane was below 
acceptable glidepath and airspeed tolerances. 
Contributing to the accident were (1) the 
complexities of the autothrottle and autopilot flight 
director systems that were inadequately described in 
Boeing’s documentation and Asiana’s pilot training, 
which increased the likelihood of mode error; (2) 
the flight crew’s nonstandard communication and 
coordination regarding the use of the autothrottle 
and autopilot flight director systems; (3) the pilot 
flying’s inadequate training on the planning and 
executing of visual approaches; (4) the pilot 
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monitoring/instructor pilot’s inadequate supervision 
of the pilot flying; and (5) flight crew fatigue, 
which likely degraded their performance. 
 
As a result of this investigation, the NTSB made 
safety recommendations to the FAA, Asiana 
Airlines, Boeing, the Aircraft Rescue and 
Firefighting Working Group, and the City and 
County of San Francisco. 
 
Derailment of Amtrak Passenger Train 188 
Philadelphia, Pennsylvania 
 
At 9:21 p.m. eastern daylight time on May 12, 2015, 
eastbound Amtrak passenger train 188 derailed in 
Philadelphia, Pennsylvania, with 245 passengers 
and 8 Amtrak employees on board. The train had 
just entered the Frankford Junction curve—where 
the speed is restricted to 50 mph—at 106 mph. As 
the train entered the curve, the locomotive engineer 
applied the emergency brakes. Seconds later, the 
train derailed, as shown in Figure 5. Eight 
passengers died, and 185 others were transported to 
area hospitals. [5] 
 

 
Figure 5: The Philadelphia Amtrak derailment 
scene. 
 
The NTSB determined that the probable cause of 
the accident was the engineer’s acceleration to 106 
mph as he entered a curve with a 50-mph speed 
restriction, due to his loss of situational awareness 
likely because his attention was diverted to an 
emergency situation with another train. 
Contributing to the accident was the lack of a 
positive train control system, which is a system that 
can monitor and control train movements 
specifically to avoid train to train collisions and 
derailments resulting from overspeed conditions. 
Contributing to the severity of the injuries were the 
inadequate requirements for occupant protection in 
the event of a train overturning. 
 

As a result of the investigation of this accident, the 
NTSB made recommendations to Amtrak, the 
Federal Railroad Administration, the American 
Public Transportation Association, the Association 
of American Railroads, the Philadelphia Police 
Department, the Philadelphia Fire Department, the 
Philadelphia Office of Emergency Management, the 
mayor of the city of Philadelphia, the National 
Association of State EMS (Emergency Medical 
Services) Officials, the National Volunteer Fire 
Council, the National Emergency Management 
Association, the National Association of EMS 
Physicians, the International Association of Chiefs 
of Police, and the International Association of Fire 
Chiefs. 
 
Orland, California 
 
Although not a crash dealing with automated 
vehicles, this crash highlights the need for crash-
survivable recorders. On April 10, 2014, a 2007 
Volvo truck-tractor in combination with double 
trailers, operated by FedEx Freight, Inc., was 
traveling southbound in the right lane of Interstate 5 
(I-5) in Orland, California. At the same time, a 2014 
Setra motorcoach, operated by Silverado Stages, 
Inc., was traveling northbound on I-5 in the right 
lane. In the vicinity of milepost 26, the combination 
vehicle moved into the left lane, entered the 58-
foot-wide center median, and traveled into the 
northbound traffic lanes of I-5. [6] 
 
The truck-tractor collided with a 2013 Nissan 
Altima four-door passenger car, which then rotated 
counter clockwise and departed the highway to the 
east. The truck-tractor continued moving south in 
the northbound lanes and collided with the front of 
the motorcoach, before both vehicles partially 
departed the highway to the east. 
 

 
Figure 6. Postcrash fire engulfing FedEx Freight 
truck double trailers and Setra motorcoach in 
Orland, California. 
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A postcrash fire ensued, as shown in Figure 6. Both 
the truck and the motorcoach drivers died, along 
with eight motorcoach passengers. The remaining 
37 motorcoach passengers received injuries of 
varying degrees. The two occupants of the 
passenger car received minor injuries. 
 
The safety issues identified in the investigation 
included fire performance standards for commercial 
passenger vehicle interiors and difficulties in 
motorcoach egress. The investigation also dealt 
with the need for event data recorder survivability 
for crash reconstruction and safety improvements. 
 
The NTSB determined that the probable cause of 
the Orland, California crash was the inability of the 
FedEx Freight truck driver to maintain control of 
the vehicle due to his unresponsiveness for reasons 
that could not be established from available 
information. Contributing to the severity of some 
motorcoach occupant injuries were high impact 
forces; the release of combustible fluids, leading to 
a fast-spreading postcrash fire; difficulties in 
motorcoach egress; and lack of restraint use. 
 
As a result of this investigation, the NTSB issued 
safety recommendations to the National Highway  
Traffic Safety Administration (NHTSA) and to the 
Federal Motor Carrier Safety Administration 
(FMCSA). The NTSB also reiterated safety 
recommendations to NHTSA and reclassified a 
recommendation to FMCSA. 
 
Safety Report: Commercial Vehicle Onboard 
Video Systems 
 
The NTSB has investigated many highway 
accidents where onboard video systems recorded 
critical crash-related information. This commercial 
vehicle onboard video systems report discussed two 
crashes where continuous video systems were 
installed on commercial vehicles. [7] In a 2012 
school bus crash in Port St. Lucie, Florida, the 
video recording system captured all three phases of 
the crash, including precrash driver and passenger 
behaviors and vehicle motion; vehicle and occupant 
motion during the crash; and postcrash events, such 
as passenger evacuation, short-term injury 
outcomes, and emergency response. The school bus 
at final rest is shown in Figure 7. 

 
Figure 7. Right side of the school bus involved in 
the Port St. Lucie, crash. 
 
In a 2011 motorcoach crash in Kearney, Nebraska, 
the video recording system captured critical 
precrash information but had certain limitations that 
negated the potential benefits of crash and postcrash 
event data. The safety report summarized the 
analysis of the onboard video systems from these 
two crashes. Further, to advance biomechanical and 
pediatric trauma-based research, it presented the 
video analysis and subsequent extensive injury 
documentation from the Port St. Lucie 
investigation. 
 
As a result of the safety report, the NTSB issued 
safety recommendations to NHTSA; to the 
American Bus Association, United Motorcoach 
Association, American Trucking Associations, 
American Public Transportation Association, 
National Association for Pupil Transportation, 
National Association of State Directors of Pupil 
Transportation Services, and National School 
Transportation Association; and to 15 
manufacturers of onboard video systems. 
 
Special Investigation Report: The Use of 
Forward Collision Avoidance Systems to Prevent 
and Mitigate Rear-End Crashes 
 
Over a three-year period, the NTSB investigated 
nine rear-end crashes involving passenger or 
commercial vehicles striking the rear of another 
vehicle—the result of which was 28 fatalities and 
90 injured people. This special investigation report 
reviewed the previous recommendations made by 
the NTSB pertaining to the reduction of rear-end 
crashes and examined collision avoidance 
technologies that would aid in their prevention. [8] 
 
The report concluded that collision warning systems, 
particularly when paired with active braking, could 
significantly reduce the frequency and severity of rear-
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end crashes. As a result of this report, The NTSB 
issued safety recommendations to NHTSA and to 
vehicle manufacturers, both passenger and 
commercial.  
 
DIS CUS SION 

The use of automated vehicles and systems is 
increasing in all modes of transportation. In some 
cases, automation is implemented to assist the operator 
in complex environments. In many other 
circumstances, automation is included in the vehicle 
design to increase safety, to reduce the consequences 
of human error, and to aid in the detection of risks that 
might not be recognized by a human.  
 
In the Asiana crash, the pilots were confused by the 
aircraft’s automation system and as a result of a 
misconfiguration and a lack of awareness of their 
airspeed, the aircraft slowed and descended below its 
desired flight path and crashed into the seawall at San 
Francisco’s airport.  
 
Common to many investigations involving automated 
vehicles and control systems is the operator’s 
misunderstanding of the systems- examples include 
mode confusion, false assumptions, and system 
limitations. In many train crashes and high-speed 
derailments, positive train control has been 
documented as an automated system that can prevent 
or mitigate the consequences. In the Amtrak 
derailment in Philadelphia, the NTSB concluded that a 
fully implemented positive train control system would 
have enforced the 50-mph speed restriction and 
prevented the accident. The NTSB went further, 
including positive train control in the probable cause 
by stating that the lack of a positive train control 
system contributed to the accident. 
 
In highway vehicles, despite the introduction of 
systems such as electronic stability control, advanced 
restraint systems, collision warning systems, and 
automatic emergency braking, the number of fatalities 
has been increasing significantly in recent years. [9] 
These increases may result from the improved 
economy, lower fuel costs, and additional miles 
traveled but the increases may also result from driver 
error including driver distraction. [10] Many vehicle 
manufacturers are looking toward automated systems 
to increase safety, reduce driver error, and to provide 
transportation for individuals that may not be able to 
drive themselves. NHTSA recently issued a Federal 
Automated Vehicles Policy addressing highly 
automated vehicles. [11] 
 

Further, the NTSB has long advocated for more 
recorded data to monitor both systems and operators in 
order to better understand the causes of crashes. Both 
video and data based recording systems have provided 
critical information in understanding the crash 
causation and in developing persuasive 
recommendations to mitigate or prevent future 
crashes. Importantly, the recorded information must 
survive the crash and postcrash environment. 
 
Through all of these past investigations and looking 
into the future, the NTSB has a unique multi-modal 
perspective on crash investigation, recorded data, 
vehicle automation, human performance, survival 
factors, and injury prevention. Further, the NTSB does 
not work in isolation but instead, leverages the 
technical knowledge and abilities of the party 
members in the investigation. Ultimately, this 
investigative process yields a comprehensive factual 
and analytical report of the circumstances surrounding 
an accident and the steps that need to be taken in order 
to prevent or mitigate the effects of a future accident. 
 
CONCLUS IONS 
 
The NTSB has issued more than 14,400 safety 
recommendations to more than 2,300 recipients in all 
transportation modes as a result of our investigations. 
Although the NTSB is a non-regulatory agency and 
does not have the power to enforce its 
recommendations, due to our reputation for 
objectivity, accuracy and effectiveness, the NTSB has 
an overall positive acceptance rate of more than 72 
percent over the last 5 years. In addition, since 1990, 
the NTSB has also published a “Most Wanted List” of 
transportation safety improvements, highlighting 
safety-critical actions that the DOT modal 
administrations and others should take to help prevent 
accidents and save lives. 
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ABSTRACT

The Insurance Institute for Highway Safety (IIHS) has several vehicle safety evaluation programs that it
maintains for consumer information.  The test results are announced in news releases throughout the year and
are made available on the IIHS website.  Understanding how the public uses the site could help IIHS, other
consumer groups, and automakers identify ways to be more effective in how they communicate vehicle safety
information.

Two types of analyses were conducted using Google Analytics web traffic data for the IIHS vehicle ratings pages.
First, the traffic for every individual vehicle model webpage during the 2015 calendar year was compiled and
linked to 2015 sales data.  A nonlinear regression was used to model the relationship between pageviews and
sales, allowing the level of interest in the safety ratings of vehicles with different sales volumes to be
compared. Differences between vehicle make and class also were examined.

The second type of analysis explored the effect of the three news releases that generated the most web traffic
between January 2015 and June 2016.  These were releases of midsize car headlight ratings, the initial
announcement of 2016 Top Safety Pick (TSP) awards, and the release of seven new midsize SUV small overlap
crash ratings.  Pageview counts were collected for five one-week intervals beginning with the day of the news
release and were compared to the one-week period immediately preceding the release.

Volvo, BMW, Mazda, Audi, Mercedes-Benz, and Honda all had at least 50 percent more pageviews than
predicted based on sales volume alone, while GMC, Scion, Chrysler, Lincoln, and Dodge all had at least 50
percent less than expected. Midsize luxury cars and small SUVs had the highest ratios of actual pageviews to
predicted, while pickups had the smallest.

There were increases in web traffic for almost all ratings pages the week following a news release, even for
vehicle models which were not a part of the release.  However, only vehicles with ratings included in the news
release tended to have more views beyond the second week, with the TSP and midsize SUV small overlap
releases having the largest effect after five weeks.  There was not a consistent trend in the size of the effect
for a vehicle based on the rating (Good/Acceptable/Marginal/Poor) or level of award (TSP or TSP+).  However,
vehicles that lost their 2015 TSP status had an average of 16 percent fewer pageviews after 5 weeks.

Safety-conscious consumers may not be considering certain vehicles based on their make and/or class.  While
the reasons for this aren’t fully known, it is possible that increased safety-oriented marketing could help,
especially in the few weeks after a news release when there is greater awareness of the IIHS ratings.
Maintaining a TSP award from one model year to the next is an important factor in sustaining interest on the
site.
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INTRODUCTION

The Insurance Institute for Highway Safety (IIHS)
currently maintains five crashworthiness ratings, two
crash avoidance/mitigation ratings, and one usability
rating for child seat anchors in vehicles. These
evaluation programs are conducted for consumer
information, and ratings are released to the public
throughout the year. Near the end of each calendar
year, overall Top Safety Pick awards are announced
based on the crashworthiness and crash
avoidance/mitigation ratings. Several studies have
demonstrated the relationship between good ratings
in specific test programs and improved outcomes in
real-world crashes [1]-[4]. Efforts to make consumers
aware of the ratings and to encourage purchasing
decisions based on them can improve the overall
safety of the passenger vehicle fleet. Surveys of
dealerships after releases of new ratings suggest
there is an effect on vehicle sales [5].

While safety ratings from IIHS and other consumer
information programs are communicated to the
public through a wide variety of media, in a 2010
survey McCartt and Wells found that consumers cited
the Internet more often than any other source for
vehicle safety ratings [6]. Since then, the number of
unique user sessions on the IIHS website has nearly
doubled (Figure 1). Understanding how users interact
with the ratings information on the site could lead to
more effective communication with consumers on
the part of IIHS, automobile manufacturers, and other
consumer groups.

Figure 1. Total unique sessions on iihs.org by
calendar year

METHODS

Since 2007, IIHS has used Google Analytics to track
traffic on its main website, iihs.org, and all
subpages.  The current study is an analysis of web
traffic on the vehicle rating subpages for the 2015
calendar year. These pages are unique to each
vehicle model and model year, and display all of the
ratings for that model. The vehicle rating pages are
loaded whenever a user on the site selects a
specific vehicle, either from the drop-down menu
on the main ratings page or from a list of vehicles
displayed elsewhere on the site (e.g. the TSP list or
a list of vehicles within a size class).

The web traffic metric used in the current study is
what Google Analytics calls “unique pageviews”
(hereafter referred to as “pageviews”). A pageview
is recorded for each specific page that a user
accesses within one browsing session.  A new
session is created each time a user browses to
iihs.org from another site. This means that a user
who visits the same vehicle rating page multiple
times while remaining on iihs.org (or subpages of
iihs.org) will only be counted once.  But a user who
returns to the same vehicle rating page after
browsing to a non-IIHS site will be counted again.

Comparison of Vehicle Models
The current study includes two types of analyses.
The first is a comparison of the total pageviews for
individual vehicle models during the 2015 calendar
year.  The total pageviews per model were com-
pared on the basis of the number of vehicles sold
during 2015.  Sales volume data were obtained
from Ward’s Automotive [7]. The “nls” (nonlinear
least squares) function in the R programming
language [8] was used to calculate a regression
modeling the relationship between pageviews and
sales taking the form: PageViews = α × Salesβ,
where α and β are the estimated parameters. The
predicted pageviews were calculated uniquely for
each vehicle model and then summed based on
vehicle make and vehicle class. Finally, the ratio
between actual pageviews and the number of
pageviews predicted based on sales was calculated.
These ratios were used to compare the level of
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consumer interest in the safety ratings for different
vehicle makes and classes independently of sales
volume. Compared to all vehicles on the site, a
vehicle make or class with an actual-to-predicted-
pageview ratio of 1.0 had a typical number of
pageviews given the total sales volume. Makes or
classes with ratios above or below 1.0 had more or
less pageviews, respectively, than typical based on
sales.

Only vehicle rating subpages for the default model
year were included. The default model year for a
given vehicle is the newest model year with at least
one published rating for that vehicle. To be in-
cluded in the first analysis, the default model year
was required to fall between 2014-2016 for the en-
tirety of the 2015 calendar year.  In other words, if
at any point during 2015 there were no published
ratings from the 2014 or newer model year for a
certain vehicle, that vehicle was not included.  In
addition, at least one crashworthiness rating was
required for the entirety of 2015 for a model to be
included. For example, a vehicle that had only a
crash avoidance/mitigation rating for the default
model year at some point during 2015 was not
included. Finally, some vehicle models were not in
production for the entire 2015 calendar year
because a model year was skipped during a rede-
sign (e.g. Volvo XC90) or because the model was
discontinued after the 2014 model year (e.g.
Chrysler 200 convertible). These vehicles were
excluded in order to limit comparisons to models
that were on the market at the same time.

Effect of News Releases
The second type of analysis explored the effect of
different news releases between January 1, 2015,
and June 30, 2016. Figure 2 shows the daily
pageviews on all iihs.org pages over this time
period, and Table 1 lists the five news releases that
were associated with over 60,000 pageviews on the
day of the release.

The three news releases associated with the most
pageviews were selected for analysis. For each of
these releases, the pageview counts for vehicle
ratings subpages in the one-week period leading up

to the release (termed the “pre-week”) were
compared with the counts during the five one-
week periods following the release (termed “week
1”, “week 2,” etc.).  The effect of the release on a
given vehicle rating page for one of these five post-
release periods was determined by dividing the
pageviews during that week by the pageviews
during the pre-week.  Because of large pageview
decreases on holidays falling during week 3 and
week 4 after the TSP release, these weeks were not
included in the analysis.

Figure 1. Total daily pageviews on iihs.org

Date News release topic Pageviews
5/12/15 Midsize SUV small overlap 94,449

12/10/15 TSP announcement 109,661
3/30/16 Midsize car headlights 123,956
4/12/16 Pickup small overlap 71,877
5/24/16 Muscle cars 66,760

Table 1.
IIHS news releases associated with the most

pageviews from January 1, 2015-June 30, 2016

RESULTS

Comparison of Vehicle Models
There were 160 vehicle models that met the inclusion
criteria. Vehicle models with more sales tended to
have higher pageviews, but the relationship was not
linear. Figure 2 shows the actual and predicted
pageviews by sales for each model. The equation for
the nonlinear regression line that produced the best
fit was PageViews = 821.7 × Sales0.341.
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Figure 2. Actual pageviews and predicted pageviews by sales for vehicle models in 2015.
Data are plotted on a log-log scale.

After attempting to control for the relationship
between sales and pageviews, there still are large
differences between different models. For example,
out of all 160 models in the analysis, the ratings page
for the Mazda 3 had the 4th highest number of
pageviews but this vehicle was 49th in terms of sales
volume. The Volvo S60 had the 11th highest number
of pageviews but was 114th in terms of sales.

Categorizing the models by make and by class shows
that these factors contribute to the number of
pageviews for a specific model. Figures 3-5 show the
ratios of actual to predicted pageviews by vehicle
model, vehicle make, and vehicle class, respectively.
Taken together, ratings pages for Volvos had 180
percent more pageviews than predicted based on
sales, while GMC models had 70 percent fewer
pageviews than predicted.  In addition to Volvo,
models manufactured by BMW, Mazda, Audi,
Mercedes-Benz, and Honda all had at least 50 percent
more pageviews than predicted based on sales. GMC,
Scion, Chrysler, Lincoln, and Dodge all had at least 50
percent fewer than predicted. Luxury cars, luxury

SUVs, and small SUVs had 13-36 percent more
pageviews than predicted based on sales, while large
SUVs, minivans, large cars, and pickups had from 29-
66 percent fewer.

Effect of News Releases
The model-specific pageviews for ratings pages in
the weeks following a news release were divided by
the pageviews during the week leading up to the
release.  Figures 6-8 illustrate the average
pageview ratios for vehicles in different categories
surrounding the three news releases that were
studied.

For all three releases, there was an increase in
pageviews.  This included pages for vehicles that were
not involved in the release.  However, the pageviews
for unaffected vehicles increased less and returned to
their pre-release levels sooner.  For vehicles that were
affected, the magnitude and duration of the increase
in pageviews differed for the three releases.  The
release of headlight ratings for the midsize cars,
which was the first release of any headlight test



Brumbelow 5

Figure 3. Ratio of actual to predicted pageviews by sales for vehicle models in 2015.
Sales data are plotted on a log scale.

Figure 4. Ratio of actual to predicted pageviews by
make, with number of models in parentheses

Figure 5. Ratio of actual to predicted pageviews by
class, with number of models in parentheses.
There was only 1 microcar and 1 midsize
convertible; these classes are excluded.
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Figure 6. Average ratio of pageviews following the midsize car headlight rating release to pageviews in the
week prior to release, by headlight rating. Counts of unique models in each category are shown in Week 1.

Figure 7. Average ratio of pageviews following the 2016 Top Safety Pick release to pageviews in the week
prior to release, by TSP award status for 2016 and 2015. Counts of unique models in each category are shown
in Week 1. There were significant pageview decreases on public holidays falling in Weeks 3 and 4, so these
weeks were not studied.

results, was associated with the greatest pageview
increase in the first week.  However, by the second
week the SUV small overlap release was associated
with a larger increase.  After five weeks, pageview
increases remained for the TSP and small overlap
releases (29 and 28 percent, respectively, for the
affected vehicles), but not for the headlight rating
release (-3 percent).

The only vehicle with a good headlight rating had a
greater initial pageview increase than those with

other ratings, but beyond this there was no consistent
relationship between the change in pageviews and
the level of the headlight or small overlap rating.  In
the first week after the TSP release, pageviews
increased more for vehicles receiving a TSP+ than
those receiving a TSP, but this difference did not
continue. Vehicles that received a 2015 TSP/TSP+ but
did not earn a 2016 award averaged 12 percent fewer
pageviews by week 2. By week 5 this decline reached
16 percent.  While pageviews for the 108 models with
neither a 2015 nor 2016 award did not show this decline
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Figure 8. Average ratio of pageviews following the midsize SUV small overlap release to pageviews in the
week prior to release, by small overlap rating. The “no rating” category includes the midsize SUVs that still
had not been tested in the small overlap configuration. Counts of unique models in each category are shown
in Week 1.

relative to their pre-week views, the raw number of
pageviews in week 5 still was lower on average than
for the 32 models that had a 2015 but no 2016 award
(471 vs 648).

DISCUSSION

Ideally, a study of the effectiveness of publicizing
vehicle safety ratings would be able to identify the
purchases that are influenced by the information that
is communicated.  The current study is unable to track
the effect of the ratings after they are viewed on the
site. Despite this, the two types of analyses indicate
that consumers are interested in vehicle safety and
that their level of interest varies based on vehicle
model, make, and class.  The multi-week increase in
web traffic on iihs.org ratings pages after a news
release reflects a higher level of safety interest than
would be indicated by a spike lasting only a few days
as the release made its way through the news cycle.

Many factors likely contribute to the differences
between vehicle models, makes and classes, such as
the demographics of internet users. However, the
results provide one means of comparing the safety-
related interest in certain vehicles or groups of
vehicles. Differences between makes may reflect
short-term variation between manufacturers’
investment in safety-related advertising as well as

long-term efforts to build a reputation around
advancements in safety technology [9].

European makes composed seven of the ten with the
highest number of pageviews relative to what was
predicted based on sales alone.  The three exceptions
were brands from Japanese manufacturers.  US
makes tended to have fewer pageviews than those
from other countries.  While each luxury class had
higher pageview ratios than the nonluxury class of the
same vehicle size and type (e.g. midsize luxury cars vs.
midsize cars), four manufacturers (Honda, Toyota,
Nissan, and Ford) had lower pageview ratios for their
luxury brands than for their nonluxury brand.  The
Acura, Lexus, Infiniti, and Lincoln brands may
represent unique opportunities for increased safety-
related marketing since several of their vehicle
models fall within classes with generally higher levels
of interest on iihs.org.

There are several potential explanations for the low
interest in ratings pages for pickups. Pickups may be
more likely to be used as work vehicles and less likely
to be used as family vehicles.  It is harder to explain
the lower interest in minivan ratings compared to
other classes.  However, one common feature
between trucks, minivans, and the other two classes
with lower pageview ratios (large cars and large SUVs)
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was that there were fewer unique models within each
of these classes.  Consumers shopping for a vehicle
within a class with less selection could generate fewer
pageviews because they do less research or because
they use factors other than safety (e.g. styling) to
distinguish between their choices.  While it may be
more challenging to capture consumer attention with
safety-related information about vehicles in these
less populated classes, the payoff could be greater for
a manufacturer that is able to do so.  For example,
some percentage of consumers shopping for pickups
likely prioritizes safety in their purchasing decisions.
While this may be a smaller percentage than people
shopping for other vehicle types, these consumers
could be drawn towards one or two manufacturers
who stood out as a safety-conscious choice.

In general, the news releases appear to be effective
at increasing interest in ratings on the site, including
even unaffected vehicles in the first 1-2 weeks after
each release. Interest in the affected vehicles was
higher and lasted longer, but it did continue to taper
off between weeks 2 and 5, especially for the
headlight and small overlap releases.  The first few
weeks after a release may be an ideal time for
manufacturers to capitalize on the increased public
awareness of the ratings by offering sales incentives.

Some differences between the three releases suggest
the TSP award is meeting the need for an overall
safety rating.  While the headlight and small overlap
ratings releases produced increased pageviews, there
was not a consistent difference for vehicles with
better ratings.  On the other hand, the TSP release
increases exposure for vehicles with the best overall
ratings.  The reduction in pageviews for vehicles that
had a 2015 but not a 2016 award indicates that the
previous awards had an effect even in the last week
before the new awards were announced.  This
reduction also emphasizes the benefit of maintaining
a TSP from one year to the next.

Public engagement with the safety ratings on iihs.org
highlights the value of consumer information rating
programs as well as the need for such programs to
produce meaningful comparative safety information.
As it becomes increasingly difficult to identify passive

safety differences among new vehicles, IIHS and other
testing groups must continue to develop evaluations
of active safety technologies that are relevant to the
real-world.  Communicating the results of active
safety testing to the general public in a compelling
fashion also presents certain challenges that do not
exist with crash test ratings. This could be one reason
that the effects of the headlight rating release had a
shorter duration than the other two news releases.

A major limitation of the current study is the lack of
information about consumer motivation for using the
site or their behavior after viewing ratings. After a
news release, many users may check the ratings of a
vehicle they already own.  They may compare their
own vehicle to one they perceive as being safe even
though they have no intention of making a purchase.
Even the relationship between pageviews and sales is
not completely clear. One potential explanation for
the higher actual-to-predicted-pageview ratio for
Volvos is that a relatively high percentage of people
who research ratings on iihs.org decide not to
purchase Volvos for some other reason. While this
seems less likely than the possibility that Volvo
customers are more safety-conscious, the current
study cannot distinguish between these alternative
explanations.

The current study is not a comprehensive analysis of
consumer use of the IIHS ratings.  Consumers can
access the ratings from sources other than iihs.org,
such as Consumer Reports, cars.com and
edmunds.com. Levels and patterns of interest in the
ratings could differ elsewhere.

CONCLUSIONS

Web traffic on iihs.org during 2015 indicates that con-
sumers research safety information for certain makes
and classes more than others. This information could
be helpful for manufacturers seeking to assess public
perception of the safety of their vehicles.  Analyses of
three news releases shows that web traffic has a high
initial peak but can be affected for several weeks
afterwards.  The effect of earning or not maintaining
a TSP award can last until the following year’s awards
are announced.
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ABSTRACT 

UN Regulation No. 137 (R137) specifies a 50 km/h, full-width rigid barrier frontal impact test with driver and 
passenger 50th and 5th percentile Hybrid III dummies respectively. One objective of the regulation is to 
encourage better restraint systems that protect older occupants and across a wider range of collision 
severities. 
This paper investigates two research questions: 

− How much will restraint systems of European cars have to be modified to meet the requirements in R137? 
− What level of protection is offered by current European restraint systems at lower impact energies than 

tested in R137? 
Six full-scale crash tests were conducted with European-specification supermini cars. The test configurations 
used were R137 in standard configuration, at reduced impact speed and with a THOR-M ATD instead of 
Hybrid III. The crash tests were complemented by an analysis of Road Accident In-Depth Studies (RAIDS) data.  
The test vehicles in their European market specification were found to already meet the minimum 
performance requirements set out in the future R137 at 50 km/h for Hybrid III ATDs. The THOR-M ATD 
generally predicted greater injury risk than the Hybrid III and in some conditions exceeded the current 
regulatory limit values (as defined for Hybrid III). At lower impact speeds of 35 km/h, the key driver thorax 
injury metric measured with THOR-M was found to be only slightly reduced. 
The accident data analysis showed that a considerable proportion of casualties sustaining MAIS 2+ or 
MAIS 3+ injuries occur at impact energies which are lower than currently proposed in R137. It was also found 
that the thorax was the body region most prone to AIS 2+ or AIS 3+ injuries in low-energy impacts. Older 
occupants (66 years and older) were markedly over-represented in the low-energy casualty groups. 
Under the conditions set within R137, it is likely that many European vehicles will pass without requiring 
significant changes. Therefore, in its current state, there is no evidence that R137 encourages better driver 
restraint performance. The results at reduced impact test speeds further indicate that occupants could be 
more vulnerable than necessary at lower collision speeds. 
The accident data further show that there might be a large target population for a low-energy restraint test. 
The composition of this casualty group indicates that the force limits of current seat belt load limiters might 
be too high for the reduced biomechanical tolerance of elderly occupants and higher than necessary in low-
speed collisions. The accident research is based on UK accident data, which means that the sample size was 
limited and the results may not be representative of other countries. However, the general trends identified 
align with previous data from other European countries. 
It was concluded that implementation of the THOR-M ATD as a replacement for the current Hybrid III in R137 
should be considered at the earliest opportunity in order to deliver tangible benefits. Test and performance 
requirements could be set to encourage adaptive restraints which provide better protection at lower impact 
energies. 



 

Seidl 2 

INTRODUCTION 

In November 2015, the World Forum for the 
Harmonization of Vehicle Regulations (WP.29) 
adopted the new UN Regulation No. 137 (R137) [1] 
to test the effectiveness of occupant restraint 
systems as well as an accompanying amendment 
providing a schedule for development of the 
regulation to increase its stringency. R137 specifies a 
50 km/h, full-width frontal impact test against a rigid 
barrier. 

The R137 test setup consists of a 50th percentile 
Hybrid III male in the driver’s seat and a 
5th percentile Hybrid III female anthropometric test 
device (ATD) in the front seat passenger (FSP) 
position. Both ATDs must meet a Thorax 
Compression Criterion (ThCC) of 42 mm. By 2020, 
the companion 01 series of amendments [2] is 
scheduled to reduce the thorax compression limit to 
34 mm for the 5th percentile female ATD, which will 
be the same risk of injury as the 42 mm limit for the 
50th percentile male ATD. Note: A full-width rigid 
barrier test was introduced to Euro NCAP testing in 
January 2015, although the test setup is significantly 
different; Euro NCAP tests with a rear seat passenger 
and 5th percentile Hybrid III female dummy in the 
driver position.  

The main aims of R137 are to: 

• Encourage improved restraint systems that will 
reduce the risk of injury in this loading condition; 

• Ensure that restraint systems will protect a range 
of occupant statures and at a range of collision 
severities. 

However, it has not been demonstrated that the test 
condition and dummy diversity are sufficiently 
different to UN Regulation No. 94 (R94) to ensure 
that restraint systems will have to be modified. Also, 
the likely effect of the regulation on certain vehicle 
segments, in particular very small city cars, has not 
been demonstrated. 

This paper therefore investigates two research 
questions to provide evidence to support the 
implementation of R137 in Europe: 
1. How much will restraint systems of European 

cars have to be modified to meet the 
requirements in R137? 

2. What level of protection is offered by current 
European restraint systems at lower impact 
energies than tested in R137? 

METHODS 

Crash tests 

A programme of six full-scale crash tests was 
conducted, of which Tests 2 to 6 are relevant for this 
paper (Table 1). The test vehicles used were Fiat 500 
Mk 1, 1.2 Pop, manual transmission, right-hand 
drive, supermini cars (second-hand). This small-sized 
car with its stiff front-end design results in a very 
short stopping distance in a full-width rigid barrier 
test, and is therefore challenging for the restraint 
system design. 

Table 1. 
Test programme of six full-width, rigid barrier crash tests 

conducted 
Test 
No. 

Speed Driver 
ATD  

FSP 
ATD 

RSP 
ATD 

Comment 

1 56 km/h 50M
H3 

5F
H3 

–  Replication of US test 
(FMVSS 208) to 
compare performance 
of EU- and US-
specification car 

2 50 km/h 50M
H3 

5F
H3 

– Baseline at proposed
R137 

3 50 km/h 50M
THOR 

95M
H3 

– Effect of THOR-M
driver dummy (and 
protection for 95M 
FSP) 

4 50 km/h 95M
H3 

50M
THOR 

5F 
H3 

Effect of THOR-M FSP
dummy  (and 
protection for 95M 
driver) 

5 35 km/h 50M
THOR 

95M
H3 

– Protection at lower 
speed 

6 35 km/h 95M
H3 

50M
THOR 

5F 
H3 

Protection at lower 
speed 

 

The configuration of Test 2 followed the frontal 
impact test procedure specified within R137. The 
objective was to conduct a baseline test to evaluate 
the performance of the vehicle against the dummy 
injury limits stated within the regulation. 

The R137 frontal impact test consists of a 50 km/h 
impact into a full-width rigid barrier (Figure 1). 
Several minimum performance requirements are 
stated within the regulation in the form of injury 
metrics recorded by two crash test dummies in the 
front seating positions of the vehicle. A 50th 
percentile male Hybrid III (H3) ATD was positioned in 
the driver’s seating position, with the seat in the mid 
fore-aft and lowest adjustment position. A 5th 
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percentile female Hybrid III ATD was situated in the 
front passenger’s seating position, also with the seat 
in the mid fore-aft and lowest adjustment position.  

 

 
Figure 1. Schematic of UN Regulation No. 137, 50 km/h, 
full-width impact test configuration (left-hand drive car) 
 

Several dummy position measurements were 
recorded (such as nose to steering wheel rim 
distance) in order to ensure consistency with future 
test setups. Since the test vehicle had been 
previously used on the road, the front seat cushions 
were replaced to minimise the chance of differences 
due to degradation of the seat. 

Tests 3 and 5 were conducted at 50 km/h and 35 
km/h respectively. In both cases a THOR 50th 
percentile male dummy occupied the driver position. 
Tests 4 and 6 were also conducted at 50 km/h and 
35 km/h, respectively, with a THOR 50th percentile 
male dummy in the FSP position.  The objective was 
to investigate the effect of use of the THOR-M ATD 
on R137 and the effect of reduced test speeds on 
dummy injury metrics. Note: A Hybrid III 95th 
percentile male dummy occupied the FSP position 
and a Hybrid III 5th percentile female dummy 
occupied the rear seat behind the FSP during some 
tests to investigate issues not covered in this paper. 

Accident data sources 

In-depth collision data for the United Kingdom (UK) 
from the RAIDS database were used to address the 
pertinent research questions. RAIDS is one of the 
most comprehensive in-depth collision databases in 

the world. It contains data from the current Road 
Accident In-depth Studies (RAIDS) programme that 
has run since 2012, and four separate historical 
studies that ran from 1982 to 2010, namely: 

• The Co-operative Crash Injury Study (CCIS),  

• On-The-Spot (OTS),  

• The Heavy Vehicle Crash Injury Study (HVCIS), 
and  

• The Truck Crash Injury Study (TCIS). 

The RAIDS Phase 1 programme collected information 
on approximately 500 collisions per year in two 
areas of the UK that were specifically designed to 
represent the demographic and road network of the 
wider country: The first of these areas is in the south 
of England, specifically the Thames Valley and 
Hampshire police force areas and the second in the 
east midlands, specifically the Nottinghamshire and 
Leicestershire police force areas. In-depth data are 
collected at the scene of collisions, and 
retrospectively, for involved vehicles and people. 
The data gathered includes detailed assessments of 
injury causation mechanisms.  

The CCIS project collected in-depth collision data 
from 1983 to 2010, but in a retrospective manner 
only. Vehicle examinations were undertaken at 
recovery garages several days after the collision. 
Anonymised car occupant injury information was 
collected from hospitals and HM Coroners and 
questionnaires were sent to survivors.  

Collisions were investigated according to a stratified 
sampling procedure, which favoured cars containing 
fatally or seriously injured occupants. This means 
that a relatively large number of fatal and serious 
collisions were recorded, which are often the most 
interesting from an injury prevention point of view. 
This needs to be considered and corrected for when 
scaling data up to a national level (for example, to 
determine target populations), which was not 
necessary for the present study, i.e. the collision 
data was not weighted. All injury data used was 
coded using the Abbreviated Injury Scale (AIS) 2005 
Update 2008 [3]. 

For the present project, RAIDS data from Phase 1 
(which encompasses collisions collected from 2013 
to 2015) and CCIS data from Phases 7 and 8 (which 
encompasses collisions collected from 2000 to 2010) 
were used. 
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Accident data analysis 

Table 2 shows the primary selection criteria applied 
to identify CCIS and RAIDS in-depth accident cases 
for the present analysis.  

Table 2. 
Primary selection criteria for RAIDS/CCIS in-depth cases 

Category Selection criteria 

Collision Frontal collision, no underrun/overrun, no 
rollover 
CDC side = F 

CDC principal direction of force (PDoF) = 11, 12 
and 01 

CDC pattern = E, N, S, U and W 
Number of impacts =1 and 
Number of impacts >1, where there is only one 
frontal impact and the frontal impact is the most 
significant impact and where the non-frontal 
impact CDC extents are <2  

Vehicle type M1 vehicle (passenger car) 

Vehicle age Registered between 2004–2015 

Driver Seat belt: Used and suspected use 

No unbelted rear occupant 
Gender known 
Injury severity: MAIS 0 to 6 (known) 

Frontal intrusion at knee level and above ≤10 cm 

Front seat 
passenger 

Seat belt: Used and suspected use 

No unbelted rear occupant 
Age: 12 years or older 
Gender known 

Injury severity: MAIS 0 to 6 (known) 
Frontal intrusion at knee level and above ≤10 cm 

Rear seat 
passenger  

Seat belt: Used and suspected use 
Age: 12 years or older 
Gender known 

Injury severity: MAIS 0 to 6 (known) 

 

The main points to note are: 

• Only belted occupants in passenger cars (M1 
vehicles) involved in single frontal impacts were 
selected to ensure confounding factors in the 
analysis such as belt use and the influence of 
other impacts and rollovers were minimised. 

• Children under the age of twelve were excluded 
because they would likely be using a child 
restraint system (CRS), which could confound the 
results of the analysis. 

• Only occupants in vehicles compliant with R94 
were selected to ensure vehicles with old, non-

representative restraint systems were not 
included in the analysis. This was achieved by 
selecting vehicles registered 2004 and later (R94 
compliance is mandatory for all new M1 vehicles 
since 1 October 2003). 

• Only front seat occupants with injury not 
influenced significantly by compartment 
intrusion, such as HGV underrun collisions, were 
selected to ensure focus of the analysis on the 
performance of the restraint system. This was 
achieved by selecting front seat occupants of cars 
with frontal intrusion less than 10 cm at knee 
level and above (on any side of the car). This 
value was chosen on the basis of expert 
judgement that it should allow sufficient survival 
space for the restraint system to operate in its 
designed manner. Applying this intrusion limit 
reduced the sample size: compared to a casualty 
sample without this intrusion limit, the reported 
cases represent ca. 67% of all injured (MAIS 1+), 
ca. 59% of MAIS 2+ injured, and ca. 39% of those 
MAIS 3+ injured. 

Figure 2 shows the resulting casualty sample size and 
composition. 

In the context of this study, the term ‘high-energy 
collision’ was defined as a ±10 km/h margin around 
the R137 test speed (energy equivalent speed (EES) = 
50 km/h), and a ‘low-energy collision’ as an equally 
wide band below these values, i.e.: 

• High-energy collision:  EES = 40–59 km/h 

• Low-energy collision:  EES = 20–39 km/h 

Figure 2. Casualty sample size and distribution across EES 
range for all injured (MAIS 1+), MAIS 2+ and MAIS 3+ 
casualties 
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RESULTS 

Crash test to R137 specification (Test 2) 

The configuration of Test 2 followed the frontal 
impact test procedure specified within R137 
(Figure 3). The objective was to conduct a baseline 
test to evaluate the performance of the vehicle 
against the dummy injury limits stated within the 
regulation.  

 
Figure 3. Test 2: Post-test photo, 45-degree view, after 
50 km/h, full-width, rigid barrier frontal impact test 
according to R137 
 

Table 3 summarises the resulting measurements of 
the driver and FSP Hybrid III ATDs. It can be seen 
that all parameters recorded were below the limits 
stated in the proposed R137. 

 

Table 3. 
Test 2: Hybrid III dummy measurements and regulatory 

limits; colour-coding indicates compliance margin 
(orange: <10%, yellow: 10-20%, green: >20%) 

Dummy injury criterion 
Test 2 R137 limits 

Driver FSP Driver FSP 

H3-50M H3-5F H3-50M H3-5F 

Head         

HIC15 668.50 541.87  –   –

HPC (HIC36) 840.53 807.74 1000 1000

Acceleration Resultant 77.58 70.21   –   –

Acceleration Res. (3 ms) 77.09 69.27 80 80

Neck Upper         

Force Shear Fx+ 0.89 0.55 3.1 2.7

Force Shear Fx- -0.46 -0.55 -3.1 -2.7

Force Tension Fz+ 1.55 0.92 3.3 2.9

Force Compression Fz- -0.02 -0.45   –   –

Moment-OC Flexion My+ 23.85 21.74   –   –

Moment-OC Ext. My- -21.24 -28.44 -57 -57

Chest         

Acceleration Resultant 53.22 55.99   –   –

Acceleration Res. (3 ms) 51.22 51.94   –   –
Deflection (sternum 
centre/max) -26.01 -28.66 -42 -42

V*C 0.19 0.33 1.0 1.0

Femur         

Force Tension Fz+ left 0.23 2.46   –   –

Force Compr. Fz- left -3.87 -0.13 -9.07 -7.00

Force Tension Fz+ right 0.28 1.73   –   –

Force Compr. Fz- right -2.90 -0.57 -9.07 -7.00

Crash tests with THOR-M driver ATDs and at 
reduced impact speed (Tests 3 and 5) 

Tests 3 and 5 were conducted at 50 km/h and 
35 km/h, respectively (Figure 4 shows a photo of the 
low-speed test). In both cases, a THOR 50th 
percentile male dummy occupied the driver position. 
Note: A Hybrid III 95th percentile male dummy 
occupied the FSP position to investigate issues not 
covered in this paper. 

 
Figure 4. Test 5: Post-test photo, 45-degree view, after 
low-speed (35 km/h), full-width, rigid barrier frontal 
impact test 
 

Table 4 summarises the resulting measurements of 
the driver THOR-M ATD in both tests. Note: All 
comparisons with limit values in this paper relate to 
current R137 limits, as defined for the H3-50M, 
because  equivalent limits (i.e. same risk of injury) 
have not yet been defined and agreed for the THOR-
50M. 

It can be observed that: 

• During the 50 km/h test, the THOR-M driver HPC 
and head 3 ms resultant acceleration values were 
above the limits specified by R137.  



 

Seidl 6 

• Head loading was much lower at 35 km/h than 
50 km/h. 

• The change in maximum chest deflection of the 
THOR-M driver dummy between the higher and 
lower speed tests was marginal despite a 
considerable difference in impact energy.  

 

Table 4. 
Tests 3 and 5: Dummy measurements; colour-coding 

indicates compliance margin relative to R137 limits as 
defined for H3-50M (orange: <10%, yellow: 10-20%, 

green: >20%) 

Dummy Injury Criterion 

Test 3 (50 km/h) Test 5 (35 km/h) 

Driver Driver 
THOR-50M THOR-50M

Head     

HIC15 859.47 269.35

HPC (HIC36) 1099.32 377.59

Acceleration Resultant 86.10 54.83

Acceleration Res. (3 ms) 84.87 53.50

Neck Upper     

Force Shear Fx+ 0.4 0.09

Force Shear Fx- -0.16 -0.41

Force Tension Fz+ 1.73 1.42

Force Compression Fz- -0.09 -0.17

Moment-OC Ext. My- -17.16 -7.88

Chest     

Acceleration Resultant 50.9 35.7

Acceleration Res. (3 ms) 50.1 34.4
Deflection (sternum 
centre/max) -33.4 -31.8

V*C 0.26 0.2

Femur     

Force Tension Fz+ left 0.06 0.14

Force Compr. Fz- left -6.30 -4.63

Force Tension Fz+ right 0.22 0.34

Force Compr. Fz- right -2.60 -1.66

 

Figure 5 shows the chest deflection experienced by 
the driver dummy at test speeds of 50 km/h and 
35 km/h. The THOR-M driver dummy maximum 
chest deflections were within 1.6 mm despite the 15 
km/h difference in test speed and 50% difference in 
impact energy. Note: The maximum values were 
recorded at the left side of the chest during both 
tests (right-hand drive cars). 

 
Figure 5. THOR-50M driver dummy chest deflection 
traces from Test 3 at 50 km/h and Test 5 at 35 km/h; 
upper left (UL) and lower left (LL) sensor, respectively 
 

Figure 6 and Figure 7 show the corresponding seat 
belt forces recorded by load cells attached to the 
driver belt at test speeds of 50 km/h and 35 km/h for 
the shoulder and lap belt, respectively. It can be 
seen that the shoulder belt force reached virtually  
identical levels (load limiter) and only the lap belt 
force was reduced. This indicates that the shoulder 
belt part of the restraint system was stiffer than 
optimal for lower collision severities. 

 

 
Figure 6. Shoulder belt loads from THOR-50M driver 
dummy in Test 3 at 50 km/h and Test 5 at 35 km/h 
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Figure 7. Lap belt traces from THOR-50M driver dummy in 
Test 3 at 50 km/h and Test 5 at 35 km/h 
 

Crash tests with THOR passenger ATDs and at 
reduced impact speed (Tests 4 and 6) 

Tests 4 and 6 were conducted at 50 km/h and 
35 km/h respectively (Figure 8). In both cases a 
THOR 50th percentile male dummy occupied the FSP 
position. Note: A Hybrid III 95th percentile male 
dummy occupied the driver position and a Hybrid III 
5th percentile female dummy occupied the rear seat 
behind the FSP to investigate issues not covered in 
this paper. 

 
Figure 8. Test 6: Test photo at maximum pitch angle of 
low-speed (35 km/h), full-width, rigid barrier frontal 
impact test 
 

Table 5 summarises the resulting measurements of 
the FSP THOR-M ATD in both tests. 

It can be seen that: 

• During both 50 km/h and 35 km/h tests, the HPC 
and head 3 ms resultant accelerations were 
comfortably below regulatory limits indicating 
that the head region was well protected. 

• The chest deflection of the THOR-M FSP dummy 
at low speed (Test 6) was of a similar magnitude 
as the value measured previously for the driver 
(Test 5). However, the FSP chest deflection at 
high speed (Test 4) was considerably higher and 
exceeded the regulatory limit as defined for H3-
50M by 24%.   

 

Table 5. 
Tests 4 and 6: Dummy measurements; colour-coding 

indicates compliance margin relative to R137 limits as 
defined for H3-50M (orange: <10%, yellow: 10-20%, 

green: >20%) 

Dummy Injury Criterion

Test 4 (50 km/h) Test 6 (35 km/h) 

FSP FSP 
THOR-50M THOR-50M

Head     

HIC15 370.93 227.94

HPC (HIC36) 636.52 344.86

Acceleration Resultant 103.18 49.89

Acceleration Res. (3 ms) 59.18 48.87

Neck Upper     

Force Shear Fx+ 0.12 0.07

Force Shear Fx- -0.43 -0.58

Force Tension Fz+ 1.69 1.46

Force Compression Fz- -1.19 -0.02

Moment-OC Ext. My- -14.60 -7.10

Chest     

Acceleration Resultant 66.3 42.4

Acceleration Res. (3 ms) 62.5 41.2
Deflection (sternum 
centre/max) -52.2 -36.2

V*C 0.37 0.32

Femur     

Force Tension Fz+ left 1.93 1.53

Force Compr. Fz- left -0.50 -0.16

Force Tension Fz+ right 0.46 0.36

Force Compr. Fz- right -1.20 -1.16

 

 

Figure 9 shows the chest deflection experienced by 
THOR-M FSP dummy over time during the high- and 
low-speed test. The maximum chest deflections of 
the FSP were recorded at the right side of the chest 
during both tests (right-hand drive cars).  
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Figure 9. THOR-50M FSP chest deflection traces from Test 
4 at 50 km/h and Test 6 at 35 km/h; upper right (UR) and 
lower right (LR) sensor, respectively 
 

Figure 10 shows the shoulder belt force measured of 
time during the high- and low-speed test. It can be 
seen that the maximum force level in Test 4 
exceeded the 4 kN load limiter-capped levels 
observed in the other tests by a considerable margin 
(Tests 3 and 5, see Figure 6; Test 6).  

 

 
Figure 10. Shoulder belt loads from THOR-50M FSP 
dummy in Test 4 at 50 km/h and Test 6 at 35 km/h 
 

Figure 11 and Figure 12 show the chest deflection 
traces for the three occupant sizes in the driver and 
FSP position, respectively, at a test speed of 50 
km/h. It can be seen that THOR-M produced the 
highest chest deflection values in all positions 
(noting that injury risk functions and limit values for 
THOR-M have not yet been defined; see Discussion). 

 
Figure 11. Comparison of the driver dummy chest 
deflection traces from Tests 2, 3 and 4 measured with H3-
50M, THOR-50M and H3-95M, respectively (all 50 km/h) 
 

 
Figure 12. Comparison of the FSP dummy chest deflection 
traces from Tests 2, 3 and 4 measured with H3-5F, H3-
95M and THOR-50M, respectively (all 50 km/h) 
 

Accident analysis: Casualty target populations in 
high- and low-energy impacts    

To examine whether the impact energy level of the 
current R137 test is appropriate for the casualty 
target population, the distribution of casualties 
across the EES range was examined (Figure 13). The 
median EES, i.e. the EES values below and above 
which half of the number of casualties in the sample 
occur, were found to be: 

• All injured: EESMAIS 1+ = 27	km/h 

• MAIS 2+ injured: EESMAIS 2+ = 30	km/h  

• MAIS 3+ injured: EESMAIS 3+ = 30	km/h 
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EES is a direct measure of impact energy, which 
allows an immediate comparison with crash tests. 
This shows that the real-world median EES values 
are considerably lower than the current regulatory 
frontal crash tests (EES ≈ 50 km/h). 

 

Figure 13. EES levels of injured front seat occupants 
(cumulative percentages) 
 

In the following analysis the focus was on the more 
severely injured casualties (MAIS 2+), to explore in 
what EES range most of the relevant casualties occur 
(Figure 14). It is evident that the absolute number of 
MAIS 2+ casualties is fairly stable in the range of 
EES = 20–50 km/h. (Note: Given a certain variation 
due to the small number of casualties in each group. 
The marked dip in the range EES = 30-34 km/h was 
investigated but no reason could be identified; it is 
not observed when analysing MAIS 1 injuries, i.e. 
likely not exposure-related.) It can also be seen that 
more than half of MAIS 2+ casualties (in frontal 
impacts without major intrusion) occur within EES = 
20–39 km/h. Similar trends can be observed for 
MAIS 3+ casualties (see Appendix). 

It will be seen later on that injury outcome has a 
tendency to be better at lower EES levels (which can 
be expected because the impact energy is lower). 
Nevertheless the number of casualties is similar at 
low EES and high EES due to higher exposure (i.e. 
more collisions occurring at lower energy). 

Figure 14. Number of MAIS 2+ injured front seat 
occupants (absolute casualty numbers) per EES range in 
5 km/h intervals 
 

Accident analysis: Injured body regions 

The body regions most exposed to forces from 
occupants’ restraints and therefore most relevant 
when considering potentially restraint-related 
injuries are thorax, abdomen and pelvis. Figure 15 
compares the likelihood of MAIS 2+ injury in each of 
these three body regions across the EES range. 

Note: The ‘likelihood of MAIS 2+ injury’ is defined 
here as the proportion of occupants within the 
casualty sample who sustained MAIS 2+ injuries in a 
given body region. These values are therefore 
indications of the severity distribution within a 
selected sub-section of the casualty sample. 

Comparing the three charts shows that the 
likelihood of sustaining injuries in the thorax region 
is generally higher than in the abdomen or pelvis 
region. An exception is the abdomen in the range 
EES = 55–59 km/h. Examples of AIS 2+ thoracic 
injuries are fractures of two ribs (AIS 2) sternum 
fracture (AIS 2), fractures of three or more ribs (AIS 
3), or minor lung laceration (AIS 3). 
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Figure 15. Comparison of the likelihood of MAIS 2+ injury 
to thorax, abdomen or pelvis between different EES 
ranges 
 

Reading the individual graphs from right to left, they 
show that the likelihood of MAIS 2+ injury reduces 
overall with reducing EES, which is in accordance 
with expectations due to the lower energy absorbed 
by the car. The data appears to suggest a rather 
steep drop in likelihood in the range around EES ≈ 40 
km/h for MAIS 2+. Notably, however, with further 
reduction of the impact energy, the likelihood of 
MAIS 2+ thoracic injuries does not decrease 
anymore (even appears to increase in this relatively 
small sample). A similar trend can be observed for 
MAIS 3+ casualties (see Appendix). 

This indicates that the injuries inflicted to the thorax 
do not reduce in correspondence with what could be 
expected from reduced impact energy. 
Inappropriately high forces of the diagonal seat belt 
(load limiter levels) acting on the occupant’s chest at 
lower impact energies are a possible explanation for 
this. 

Accident analysis: Role of casualty age 

Figure 16 visualises the distribution of MAIS 2+ 
casualties in the sample between age groups across 
the EES range. The graphs display a clear tendency 
that the proportion of elderly casualties, i.e. those 
aged 66 or older, expands towards lower EES values 
whereas younger casualties become under-
represented. The speed range for which elderly 
casualties dominate is around EES = 30–34 km/h. A 

similar trend can be observed for MAIS 3+ casualties 
(see Appendix). 

Figure 16. Distribution of MAIS 2+ injured front seat 
occupants across age groups per EES range. Note: The 
value at EES = 70–74 km/h is based on a case number of 
one and therefore not suitable for comparison 
 

Figure 17 and Figure 18 explore this age-related 
trend between different injury severity levels, based 
on aggregating the above numbers for low- and 
high-energy impacts, respectively. Figure 17 shows a 
stark increase of the proportion of elderly casualties 
at higher injury severity levels: The proportion of 
casualties aged 66 years or older in the casualty 
sample increases considerably when focussing on 
higher severity levels: from 23% amongst all injured, 
to 82% amongst those with MAIS 3+ injuries. 

Figure 17. Comparison of age distribution of injured front 
seat occupants between different injury severity levels in 
low-energy frontal impacts 
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Figure 18 shows the same data for high-energy 
impacts, where the prevalence of elderly casualties 
also increases with higher injury severity level, but 
not to the same extent. This indicates that elderly 
casualties in low-energy impacts are of particular 
relevance when considering protection against MAIS 
3+ injuries. 

Figure 18. Comparison of age distribution of injured front 
seat occupants between different injury severity levels in 
high-energy frontal impacts 
 

Limitations of the accident analysis 

The present analysis was performed based on in-
depth accident data from the UK. The analysis 
cannot be transferred in detail to the whole EU 
because impact typology varies across the member 
states. The authors have, however, no reason to 
believe that the general trends observed will differ 
or that the magnitude of the results would be of a 
different order.  

Collisions with considerable intrusion were excluded 
from the sample to ensure focus of the analysis on 
the performance of the restraint system.  Because of 
the positive correlation between extent of intrusion 
and impact energy (i.e. a tendency of more intrusion 
at higher EES) it is reasonable to assume that the 
reported EES levels are lower than in a sample that 
would include the cases with considerable frontal 
intrusion. 

DISCUSSION 

Will R137 encourage adaptations to current 
restraint systems?  

The standard configuration R137 crash test with 
Hybrid III ATD (Test 2) showed that the tested series 
production variant of the Fiat 500 was capable of 
meeting the proposed legislative requirements in a 
full-width, rigid barrier, 50 km/h test. 

All dummy injury metrics measured were lower than 
the performance limits specified in R137. Most 
performance requirements had a compliance margin 
greater than 30%. However, the dummy head injury 
metrics were close to the regulatory limit. The driver 
and FSP HPC and the head acceleration metrics were 
within 20% of the R137 limit, with the driver 3 ms 
exceedance value being within 10% of the R137 
limit.  

Although these values met the requirements, the 
manufacturer may wish to make some modifications 
in order to comfortably meet conformity of 
production requirements. When the 5th percentile 
female FSP chest deflection requirement is reduced 
to 34 mm (from the current 42 mm, to provide the 
same risk as for the 50th male ATD) in September 
2020, the compliance margin would be reduced to 
approximately 16%. It is likely that the manufacturer 
could make minor design changes in order to meet 
the limits with a greater compliance margin.  

These results indicate that the proposed new 
regulation with Hybrid III ATD in the front seating 
positions is unlikely to enforce major restraint 
system design changes to current vehicles. This casts 
significant doubt whether the test will improve real-
world EU road safety; however, it can provide a 
platform for potential future improvements. 

The subsequent tests carried out with THOR-M ATD 
at the driver and FSP position respectively (Test 3 
and Test 4) showed in some cases greater injury 
metrics: The driver head acceleration (3 ms 
exceedance) and HPC were both much larger with 
THOR-M than with the Hybrid III ATD, and both 
metrics exceeded the R137 performance 
requirements when assessed with THOR-M. The 
THOR-M peak chest deflection in the driver’s seat 
was markedly greater than that measured with the 
Hybrid III, although it would still meet the R137 
performance requirement. When placed in the FSP 
position, the THOR-M chest deflection greatly 
exceeded the R137 requirement as defined for H3-

13%

13%

38%

38%

18%

18%

41%

23%

16%

34%34%

16%

EES = 40-59 km/h 

12-25

26-45

46-65

66+

Age 
[years]:

All injured 
(n=74)

MAIS 2+ 
(n=39)

MAIS 3+ 
(n=16)



 

Seidl 12 

50M  (52 mm cf. a requirement of 42 mm). Note that 
the shoulder belt force value in this test exceeded by 
far the load limiter-capped levels observed in the 
other tests. 

These comments on the chest deflection assume 
that the chest deflection limit for THOR-M would be 
identical to that for Hybrid III. Injury criteria and 
injury risk functions for THOR-M chest deflection are 
still in development and have not been finalised. 
However, there is already some indication that the 
limit would actually be slightly lower for THOR-M 
(for an equivalent risk of injury), i.e. the THOR-M 
may be more stringent than indicated by these 
results. 

Overall, the THOR-M ATD was much more stringent 
than the Hybrid III, both in the driver and the FSP 
positions, and changes to the design of the vehicle 
would be necessary in order to meet the 
performance requirements defined in R137. 

Protection at lower impact energies 

Reducing the test velocity from 50 km/h to 35 km/h 
resulted in a general reduction of injury metrics in 
line with the reduction in test severity, with the 
exception of chest deflection, which reduced by 
much less than may be expected: The maximum 
chest deflection measured by the THOR-M dummy in 
the driver’s seating position only reduced by 1.6 mm 
(5%, from 33.4 to 31.8 mm) despite a 50% reduction 
in collision energy. 

In the FSP position, a 30% drop in maximum chest 
deflection could be observed between impact 
speeds (52.2 and 36.2 mm at 50 and 35 km/h 
respectively). However, this is not owed to 
optimised performance at low speeds, but rather to 
the high chest deflection that occurred at 50 km/h 
(52.2 mm; shoulder belt force value exceeded the 
load limiter-capped levels observed in the other 
tests).   

The findings from the accident data analysis show 
that there are indeed a considerable number of 
casualties sustaining MAIS 2+ injuries, in particular to 
the thorax region, at impact energies which are 
lower than currently tested in legislation (20-39 
km/h group). This means there might be a large 
target population for a potential low-energy 
restraint test.  

The likelihood of MAIS 2+ injury in real-world 
collisions did reduce considerably when comparing 

high-energy and low-energy impacts, i.e. the 
observation is mainly exposure-related (more 
collisions occurring at lower speeds). However, when 
EES reduces further (below about 40 km/h), the 
likelihood of injury reduces only marginally. This is 
an indication that the potential for improved 
occupant protection offered by reduced impact 
energy levels is currently not fully used. 

Elderly casualties (66 years and older) were starkly 
over-represented in the low-energy casualty groups. 
The reduced biomechanical tolerance of elderly 
occupants, in particular the more brittle bone 
structure and calcification of the costal cartilage 
(making the rib cage less flexible), makes them more 
susceptible to sustaining injuries. The findings of 
seat belt-induced rib fractures are  an indication that 
the force limits of current seat-belt load limiters 
might be too high to effectively protect elderly 
occupants from thorax injury. 

Therefore, in order to increase the likely benefit of 
R137, it is recommended that further analysis is 
conducted to determine the benefits of introducing 
a low-speed test to encourage restraint systems that 
adapt to accident severity. The data appear to 
suggest an EES value between 25 km/h and 34 km/h 
could be most suitable for a low-energy test as it 
represents approximately the centre of MAIS 2+ 
injury distributions. However, more detailed collision 
research with weighted data would be required to 
substantiate an energy level. Additionally, the test 
speed selected for the low energy test should be 
balanced so that it is high enough for the ATDs to 
remain biofidelic (e.g. >20 km/h), but sufficiently 
different to the high speed test in order to 
encourage adaptive restraints. 

It may not be possible to reduce the load limit in 
higher energy collisions because of the risk of 
bottoming-out the airbag and sustaining serious 
head injuries, but it is possible to consider the 
application of lower load limits in lower energy 
collisions where not all of the available ride-down 
space is being made use of. This demonstrates the 
importance of considering the reduced 
biomechanical tolerance of elderly occupants when 
defining injury criteria thresholds for a potential low-
energy restraint test to ensure that the limits are 
stringent enough to encourage the desired effect in 
the real-world. 
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CONCLUSIONS 

Regarding the expected impact of the introduction 
of R137 on restraint system design of European cars 
(Research Question 1), the main conclusions from 
this study are:  

1. The tested supermini production car would 
already pass R137 performance requirements 
measured with Hybrid III ATD (although some 
modification may be required to provide a more 
typical compliance margin). The THOR-M ATD 
was much more stringent, both in the driver and 
the FSP positions, and changes to the design of 
the vehicle would be necessary in order to meet 
the performance requirements defined in R137 if 
the THOR-M ATD was implemented. 

2. In order to deliver the expected benefits, 
implementation of the THOR-M ATD as a 
replacement for the current Hybrid III ATD in 
R137 should be considered at the earliest 
opportunity. It is likely that the 50M (average size 
male) version could be introduced first, followed 
by the 5F (small female) version when it is 
available. 

Regarding the protection of occupants at lower 
impact energies (Research Question 2), the following 
main conclusions were drawn: 

3. It appears justified to explore further the 
potential introduction of a low-energy restraint 
test, because it might address a large target 
population. 

4. An appropriate energy level for the test might be 
an EES value between 25 km/h and 34 km/h, 
based on the collision data reviewed, although 
other factors such as the suitability of the crash 
test dummy for use at very low speeds may also 
need to be considered. 

5. The injury criteria thresholds for the test should 
be adjusted to reflect the reduced biomechanical 
tolerance of elderly occupants. 
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APPENDIX 

Additional graphs from accident analysis 

Figure 19. Number of MAIS 3+ injured front seat 
occupants (absolute casualty numbers) per EES range in 
5 km/h intervals 
 

 

 
Figure 20.  Comparison of the likelihood of MAIS 3+ injury 
to thorax, abdomen or pelvis between different EES 
ranges 
 

 

 
Figure 21. Distribution of MAIS 3+ injured front seat 
occupants across age groups per EES range. Note: The 
value at EES = 70–74 km/h is based on a case number of 
one and therefore not suitable for comparison. 
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ABSTRACT 
 
The National Highway Traffic Safety Administration (NHTSA) as an update to New Car Assessment Program (NCAP) 
for the model year 2020 vehicles will be introducing Oblique Impact Test procedure with a Research Moving 
Deformable Barrier (RMDB) and Test device for Human Occupant Restraints (THOR) as new Anthropomorphic Test 
Device (ATD) in both driver and passenger seat. During the oblique impact test, the vehicle translates and rotates 
in XY plane and as a result dummy moves in oblique direction inside the vehicle making a partial contact with the 
deployed airbag restraints. The NCAP update will also introduce the new head injury criterion for brain rotation 
measurement called Brain Injury Criterion (BrIC). Given the dynamics of oblique impact test, partial dummy 
interaction with restraints, and new head injury criterion BrIC it has become very critical to understand the vehicle 
and dummy motion in the three dimensional space during the test for the development of restraints system.        
 
The objective of this study to generate 3-D translational and rotational motion of vehicle and dummy using “Rigid 
Body Prescribed Motion” numerical scheme of LS-DYNA solver by processing sets of test data output from 
accelerometers and Angular Rate Sensors (ARS) in vehicle and ATD. 
 
A numerical model consisting of finite element vehicle model and finite element head model of Test device for 
Human Occupant Restraints (THOR) was developed. The LS-DYNA numerical model generates a global reference 
frame data format by transforming output from accelerometer and ARS in vehicle and ATD. The acceleration and 
rotational output data from the numerical model was co-related with acceleration and rotational from the NHTSA 
vehicle test RC5370 and used for model validation purpose. The results from video film analysis of vehicle motion 
in NHTSA test compared with generated translational and rotational motion from the numerical model as a final 
confirmation.     
 
The oblique motion angle of dummy in vehicle during the oblique impact test is critical in determination of setup 
for the oblique sled testing. The output from the numerical model can be useful to determine the appropriate 
angle for the oblique sled testing. This numerical model can also be useful for the development of optimal 
restraints necessary in various crash impact modes.   
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INTRODUCTION 

As full frontal vehicle impact tests with fixed rigid 
barrier are required in the FMVSS208 Occupant 
Protection and Regulation, the occupant’s 
kinematics and injury mechanism understanding are 
important in automotive restraints suppliers and 
vehicle manufacturers. To better understand 
occupant kinematics and injury mechanisms, the 
video film analysis has been used to analyze ATD 
(Anthropomorphic Test Device)’s motion and 
trajectory. 
 
Recently NHTSA announced their plan to update the 
New Car Assessment Program (NCAP)  for model 
year 2020 vehicles. The major changes on 2020 
NCAP includes, (1) Oblique Impact Test Procedure 
with Research Moving Deformable Barrier (RMDB), 
(2) the introduction of THOR (Test device for Human 
Occupant Restraint), and (3) The introduction of BrIC 
(Brain Injury Criteria) for NCAP rating matrix. NHTSA 
Oblique Impact Test specifies RMBD to impact into 
the test target vehicle at 15 degrees of oblique angle 
with 35% of impact area overlap (Figure 1). The 
oblique loading to target vehicle by RMDB creates a 
translational and rotational motion of target vehicle 
in XY plane. The oblique impact of RMDB caused the 
test target vehicle to experience the pitching and 
rolling motions as well as the yawing motion at the 
beginning of NHTSA Oblique Impact Test event. 
 

 
Figure 1. Test setup and descriptions of NHTSA 
Oblique Impact Test with RMDB [1]. 
 
The new  Oblique Impact Test with THOR induces 
significant oblique direction translational and 
rotational motion of dummy in vehicle during the 
impact. A significant portion of THOR’s head and 
chest hidden by the adjacent surrounded airbags, i.e. 
driver airbag, passenger airbag, curtain side airbag 

from the video camera view. The tracking marks on  
the  dummy’s head are often invisible from the video 
camera (Figure 2), and the video film analysis 
approach widely used in automotive industries is 
difficult to use for the occupant kinematics analysis 
of  Oblique Impact Test. 
 

 
 
Figure 2.THOR dummy interaction with restraint in 
NHTSA Oblique Impact Test.  
 
Due to the interference from airbag restraint and 
interior environment, the rigid-body dynamics 
approach [2] and the multi-body numerical analysis 
procedure [3] of rigid-body dynamics approach can 
be an alternative solution of ATD’s 3-D motion and 
trajectory calculation. The numerical implement-
tation of the rigid-body mathematical equations 
requires iterative equations solving by using the 
Runge-Kutta Method. Recently, dummy’s 3-D motion 
and trajectory calculated with multi-body occupant 
safety simulation software [4] or FE occupant safety 
simulation software [5]. Achieving ATD’s 3-D motion 
and trajectory data using occupant simulation 
software requires an occupant safety simulation FE 
model, which necessitates significant resources and 
efforts in collecting and processing of engineering 
data, vehicle body structure, interior CAD data, 
occupant injury data, etc. 
 

THOR HEAD CG 3-D MOTION CALCULATION 
PROCEDURE FOR THE NHTSA OBLIQUE IMPACT 
TEST 

A new approach for THOR  head’s 3-D motion and 
trajectory calculation is proposed by utilizing a LS-
DYNA FE model of vehicle  along with LS-DYNA FE 
model of THOR head  as a data processing tool of the 
vehicle and THOR  test data. Rigid body modeling 
assumption is applied to the  Head  Model and  
Vehicle  Model. Combining the  Head Model with the 
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Vehicle  Model becomes the  new LS-DYNA 
numerical model as a data processing tool to achieve 
the THOR  head’s and vehicle’s CG 3-D translational 
and rotational motion in the global reference frame. 
The important function  of the data processing tool 
is to convert the acceleration and angular rate data 
in the local reference frame of THOR  head to the 3-
D motion and trajectory data of THOR  head in the 
global reference frame. Multiple sets of the accelera-
tion data  measured from several locations over the 
vehicle body structure are also processed into the 
vehicle’s 3-D translational and rotational motion in 
the global reference frame as well. 
 
The displacements of THOR head in relative to the 
interior environments of the test target vehicle is 
calculated from the Head FE Model’s displacements 
in the global reference frame subtracted from the 
Vehicle FE Model’s displacements in the global 
reference frame. The calculation procedure of THOR 
head’s 3-D translational and rotational motion is 
explained in the flow chart in Figure 3. 
 

 
 
Figure 3. Numerical calculation procedure for THOR 
head 3-D motion under NHTSA Oblique Impact Test. 
 
It is important to clarify the reference frame used for 
acceleration and angular velocity data in FE model 
and vehicle test (Figure 4). A local reference frame 
(x, y, and z)  for the three accelerometers and three 
angular rate sensors defined at the CG location of 
THOR  head. In the similar manner, a local reference 
frame (x, y, and z) defined at the vehicle’s CG 
location of test target vehicle and its equivalent  FE 
vehicle model. The global reference frame used in 
this study is fixed to the ground, and is the same as 
the  FE model reference fixed frame 
 
 

 
 
Figure 4. Local reference frame and global 
reference frame defined in LS-DYNA Head and 
Vehicle FE Models. 
 

THOR HEAD CG 3-D MOTION CALCULATION IN 
GLOBAL REFERENCE FRAME FROM THE NHTSA 
OBLIQUE IMPACT TEST 

In Oblique Impact Test with THOR, the video film 
analysis is challenging due to both the significant 
head oblique direction trajectory and the head 
rotational motion (Figure 5).  
 

 
 
Figure 5.THOR head tracking marks hidden by 
passenger side airbag (NHTSA Test RC5370). 
 
In this study the THOR head 3-D translational and 
rotational motion (6 Degrees Of Freedom) in the 
global reference frame calculated by performing LS-
DYNA model analysis of the accelerations and 
angular rate data obtained from the Passenger Side 
THOR Head of NHTSA Oblique Impact Test (NHTSA 
Test RC5370). A LS-DYNA Head FE model (Figure 6) 
developed to process the accelerations and angular 
rate data obtained from the CG of THOR head during 
NHTSA Oblique Impact Test. The head FE model 
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moves and rotates with respect to the CG of Head FE 
Model per “Prescribed Motion” as dictated by the 
acceleration and angular rate input data obtained 
from the NHTSA Oblique Impact Test. 
 

 
 
Figure 6. LS-DYNA Head FE Model for THOR head in 
local reference frame with local reference frame of 
SAE J211 Convention. 
 
THOR head has three linear accelerometers and 
three angular rate sensors (ARS) located at the CG of 
THOR head. A set of three acceleration and three 
angular rate data recorded during the vehicle impact 
test event. This data is recorded in every time step 
with respect to the local reference frame (Figure 4) 
fixed at the CG of THOR head. It is important to 
remember that the local reference frame of 
Accelerometers and angular rate sensors is moving 
and rotating simultaneously with THOR head. 
Therefore, the acceleration and angular rate data of 
THOR Head’s CG for each time step in local reference 
frame should be transformed to the acceleration and 
angular rate data in the global reference frame. The 
flow chart for the data processing procedure for the 
3-D translational and rotational motion calculation 
of THOR head is shown below in Figure 7. 
 
The validation of LS-DYNA Head FE Model can be 
achieved by showing that the angular rate and linear 
acceleration output data from LS-DYNA Head FE 
Model matches well with the angular rate and linear 
acceleration data measured from the THOR head 
from vehicle tests. 
 

 
 
Figure 7. Flow chart of LS-DYNA numerical 
procedure for THOR head 3-D motion calculation in 
global reference frame. 
 
Validation of LS-DYNA Head FE Model as a Data 
Processing Numerical Tool 
The NHTSA Test RC5370 examined for the validation 
of this data processing approach based on LS-DYNA 
Head FE Model. Figure 8 shows that the acceleration 
and angular rate data results from Head FE Model 
are precisely overlaid with the test data of NHTSA 
Test RC5370. It confirmed that the LS-DYNA Head FE 
Model could serve well for the processing of 
accelerations and angular velocities of THOR Head.   
 

 

Figure 8. Comparison of output data from LS-DYNA 
Head FE Model with THOR Head test data from 
NHTSA Test RC5370. 
 
THOR Head’s Trajectory Calculation Using LS-
DYNA Head FE Model for NHTSA Test RC5370 
The left side plot of Figure 9 shows the acceleration 
data recorded in the local reference frame from the 
LS-DYNA Head FE Model overlaid with the 
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acceleration data calculated from the LS-DYNA Head 
FE Model in global reference frame. The sharp peak 
of the y component acceleration of head CG (local 
reference frame) tells that the left side of the THOR 
head hit instrument panel surface. The THOR head 
rotation was induced by the THOR’s face interaction 
with the passenger airbag cushion and the oblique 
directional motion of THOR during the NHTSA 
Oblique Impact Test. It is evident that the direction 
of THOR head contact with the instrument panel is z 
direction of the global reference frame from Figure 
6.  
 

 
 
Figure 9. Comparison of accelerations and 
displacements of LS-DYNA Head FE Model in the 
local reference frame with the accelerations and 
displacements of LS-DYNA Head FE Model in the 
global reference frame (NHTSA Test RC5370). 
 
The right side plot of Figure 9 shows that the head 
CG’s x, y, z displacements in the local reference 
frame is compared with the results processed in 
global reference frame. An important point to 
mention is that THOR head’s displacement in the x 
direction of local reference frame is 240mm at 
200ms, but the head’s displacement in the x 
direction of global reference frame is 1400mm at 
200ms. Also, THOR head’s y component 
displacement in the global reference frame is 
550mm over 960mm of y component displacement 
in the local reference frame calculated from the 
accelerations of head CG at 200ms. Another point is 
that THOR head moves lower in the global z 
direction during most of the event duration, and this 
head motion is not intuitively comparable to 
1900mm of z displacement in the local reference 
frame of THOR head. The data interpretation of 
displacement and rotation of LS-DYNA Head FE 
Model provides an understanding on the rotational 
behavior and oblique direction trajectory of the 
THOR head in the NHTSA Oblique Impact Test. 

 
Figure 10 shows the overlaid pictures of Head FE 
Model’s 3-D motion (0ms, 50ms, 100ms, 150ms) 
from the side view of the global reference frame. 
The Head FE Model turns 90 degrees to the left at 
150 ms with respect to the x-axis of global reference 
frame, and the direction of y-axis of local reference 
frame of the Head FE Model becomes the direction 
of z-axis of global reference frame.     
 

 

 
Figure 10. Head’s translational and rotational 
motion processed from the LS-DYNA Head FE Model 
in the global reference frame (Events at 0ms, 50ms, 
100ms, and 150ms of NHTSA Test RC5370). 
 

3-D MOTION CALCULATION OF TEST TARGET 
VEHICLE IN GLOBAL REFERENCE FRAME FOR 
NHTSA OBLIQUE IMPACT TEST 

Compared to traditional full frontal vehicle crash 
tests, the NHTSA Oblique Impact Test causes the 
impacted test target vehicle to be pushed away in 
the oblique direction with pitching, rolling, and 
significant yawing motions. Inevitably, the test target 
vehicle under NHTSA Oblique Impact Test goes 
through 3-D translational and rotational motion. To 
understand the post-impact 3-D motion of test 
target vehicles, analytical model approaches based 
on mathematical formulations have been developed 
in academia and automotive industries [6]. Analytical 
model approach requires solving differential 
equations of a numerical model by using the Runge-
Kutta numerical method. The numerical model 
procedure based on analytical model approach has 
been further extended to accident reconstruction 
applications to understand the complicated vehicles’ 
collision accident events. 
 
Recently, the FE modeling approach enables 
automotive engineers to investigate the vehicle 
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post-impact 3-D translational and rotational motion 
in a detailed realistic level. The full-scale FE 
simulation of vehicle impact crashes provide an 
essential understanding of vehicle structural 
deformations and vehicle post-impact kinematics, 
such as vehicle 3-D translational and rotational 
motion. The most common FE program used for 
vehicle impact crash simulations is LS-DYNA 
nonlinear FE software [7]. The full-scale nonlinear FE 
vehicle crash simulation model is made up of a large 
number of component parts’ FE models, engineering 
material data, component parts’ connection 
modeling, and proper contact definitions between 
structural component parts, etc.  
 
An approach proposed in this study is to calculate a 
vehicle’s 3-D translational and rotational motion by 
running the LS-DYNA Vehicle FE Model with 
prescribed motion input data (multiple sets of x, y, z 
accelerations) measured from the accelerometers 
affixed on the body structure of the test target 
vehicle (Table 1). Instead of building a full-scale LS-
DYNA vehicle FE model, a simplified half-vehicle FE 
model (Figure 11) is developed with the rigid body 
assumption of a vehicle body structure. Also this 
simplified rigid body LS-DYNA Vehicle FE Model has 
several FE accelerometers planted at the same 
locations as the test target vehicle at NHTSA Test 
RC5370.  
 

Table 1. Accelerometers’ axis definition and 
locations for NHTSA Test RC5370 

 

No. (Axis) 
Accelerometer 

Location 
Measurements(mm) 

  X Y Z 

#1 (X,Y) LH Rear Sill 880 -578 1196 

#2 (X,Y) RH Rear Sill 861 583 1198 

#3 (X,Y,Z) Vehicle CG 2545 2 1312 

#4 (X) Instrument Panel 2643 11 890 

#5 (X,Y,Z) Driver Seat Track 2046 -656 1287 

#6 (X,Y,Z) Floor Pan 3296 -451 1141 

#7 (X,Y,Z) Passenger Seat Track 2061 653 1294 

#8 (X,Y,Z) Vehicle CG (Rdt) 2555 2 1312 

#9 (X,Y) LH Rear Sill 880 -578 1196 

 

 

Figure 11. LS-DYNA Vehicle FE Model with FE 
accelerometers planted on the vehicle body 
structure (NHTSA Test RC5370). 
 

The prescribed motion input data to the Vehicle FE 
Model consists of five selected sets of acceleration x, 
y, z data captured from the accelerometers of test 
target vehicle. This Vehicle FE Model serves as a data 
processing tool of the acceleration data obtained 
from the NHTSA Oblique Impact Tests for the 
calculation of the test target vehicle’s 3-D 
translational and rotational motion in the global 
reference frame. 
 

The flow chart for the 3-D translational and 
rotational motion calculation of the test target 
vehicle is shown below in the Figure 12. 
 

 

Figure 12. Flow chart for the translational and 
rotational motion calculation of Vehicle CG in 
global reference frame. 
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Evaluation of Acceleration Data of NHTSA Test 
RC5370 for the Selection of Input Data to LS-
DYNA Vehicle FE Model 
 
An important consideration for this calculation 
procedure is the selection of the available 
acceleration data for the input data to LS-DYNA 
Vehicle FE Model. Sometimes accelerometers are 
attached on a less rigid surface of the vehicle body 
structure, and the accelerometers’ signal data 
include interference noises generated from 
structural vibrations. To evaluate the quality of 
captured acceleration data for the input to the LS-
DYNA Vehicle FE Model, the x, y, z acceleration data 
obtained from the test target vehicle structure were 
integrated with respect to time in the local reference 
frame. Figure 13 shows the data evaluation results 
from the NHTSA test.  
 

 
 
Figure 13. Velocities and displacements data from 
the integration of accelerometer data in the local 
reference frame from NHTSA Test RC5370. 
 
After reviewing the velocities and displacements 
from the data evaluation in Figure 13, x and y 
components velocity and displacement data from 
the integration of the acceleration have shown 
consistent and reasonable displacements. The z 
component velocity data integrated from the Vehicle 
CG z component accelerometer has shown data 
corruption, and therefore the acceleration data 
measured from the Vehicle CG accelerometer can’t 
be used. Accelerometer data from the Redundant 
Accelerometer at the Vehicle CG are used for this 
calculation process. Still the z displacements double 
integrated from the “driver seat track” and 
“passenger seat track” are 360mm and 170mm at 
200ms each. 360mm of z displacement of driver seat 
track is less likely from NHTSA Oblique Impact Tests. 
Also z component accelerometers at the Left and 
Right Sills were not installed at the target test 

vehicle of NHTSA test. Three other accelerometers 
were installed at the instrument panel and driver 
side floor pan and left rear sill to capture the 
acceleration signals of the test target vehicle of the 
NHTSA test.  
 
Along all with the difficulty encountered during the 
evaluation process of accelerations, five sets of 
accelerations from the test target vehicle were 
selected from the nine sets of acceleration data 
available from the NHTSA test. Further it is critical to 
pay more attention to the z component of 
accelerations measured at the test target vehicle 
structure for the proper pitching and rolling motion 
calculation using the LS-DYNA vehicle FE model. 
 
Test Target Vehicle’s 3-D Motion Calculation 
from LS-DYNA Vehicle FE Model with NHTSA Test 
RC5370 
In Figure 14 the comparisons of LS-DYNA vehicle CG 
x, y trajectory, pitching and yawing animation with 
Test Videos from NHTSA test. The yawing motion of 
Vehicle FE Model at 160ms seems matched well with 
NHTSA test, but the pitching motion of the Vehicle 
FE Model looks to be more than that of the NHTSA 
Test.  
 

 
 
Figure 14. Comparison of vehicle kinematics of LS-
DYNA Vehicle FE Model with NHTSA Test RC5370 
(Event at 160ms). 
 
The Video film analyses for NHTSA test conducted to 
validate the effectiveness of LS-DYNA vehicle FE 
model. The vehicle CG x, y displacements of the 
vehicle FE model compared with the results of test 
video film analysis evaluation of NHTSA test (Figure 
15). The X displacement output from vehicle FE 
model compared well with x displacement of the 
test target vehicle  from the video film analysis of 
the NHTSA Test. The Y displacements of LS-DYNA 
Vehicle FE Model shows 37 mm (Event at 60ms), 44 
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mm (Event at 80ms), and 27 mm (Event at 160ms) 
larger than y displacements of test target vehicle 
from the video film analysis of NHTSA Test RC5370. 
These differences could be explained as the signal 
data interference of y component acceleration data 
measured from the vehicle structural vibration. 
Another possibility is the difference from the 
perspective of the reference x, y-axis of video film 
analysis with 15 degrees oblique angle of target test 
vehicle used at NHTSA Test RC5370. 
 
The yawing angle calculation of the Vehicle FE Model 
matches very well with the results of video film 
analysis of NHTSA Test RC5370 (Right side plot of 
Figure 15). Vehicle pitching motion from the Vehicle 
FE Model keeps increasing with time, but the test 
video film analysis reveals the early engagement of 
the vehicle’s left front corner structure produces the 
nose diving pitching motion until 70ms. After the 
early engagement, the pitching motion keeps 
sustaining until the separation of RMDB from the 
impacted test target vehicle. This discrepancy of 
pitching motion result of LS-DYNA Vehicle FE Model 
with vehicle motion calculation using test video film 
analysis is mainly attributed from the z component 
acceleration data containing vibration noises 
inherited from the vehicle body structural vibration. 
 

 
 
Figure 15. Comparison plots of vehicle CG X, Y, Z 
displacements and angular motions of LS-DYNA 
Vehicle FE Model with Results from Video Analyses 
of NHTSA Test RC5370. 
 
It has been known that the vertical components of 
acceleration signals are relatively easy to be 
superimposed by the interference of vehicle 
structures’ vibrations due to structural impact. Due 
to the vertical acceleration influenced by the 
structural impact induced vibrations, the pitching 
and rolling motions from the LS-DYNA Vehicle FE 

Model become more amplified than the reality of 
NHTSA Test RC5370.   
 

THOR HEAD’S TRAJECTORY RELATIVE TO 
VEHICLE INTERIOR IN NHTSA OBLIQUE IMPACT 
TEST (NHTSA TEST RC5370) 

The THOR head’s 3-D translational and rotational 
motion in the target test vehicle’s interior 
environments is calculated using an integrated LS-
DYNA Head FE Model with LS-DYNA Vehicle FE 
Model. Figure 16 shows passenger side THOR motion 
of NHTSA Test RC5370 at 20ms, 60ms, 80ms, 90ms, 
100ms, 110 ms. 
 

 
 
Figure 16. Pictures of passenger side THOR motion 
of NHTSA Test RC5370 (Events at 20ms, 60ms, 
80ms, 90ms, 100ms, 110ms from top left to bottom 
right). 
 
Figure 17 shows that LS-DYNA Head FE Model’s 
kinematics well compared with the motion of NHTSA 
Test RC5370 for events at 50, 90, 110, and 130ms. 
 

 
 
Figure 17. Comparison of head kinematics LS-DYNA 
Head FE Model with NHTSA Test RC5370 (Events at 
50ms, 90ms, 110ms, and 130ms). 
 
After performing video film analysis of the passenger 
side THOR head for NHTSA Test RC5370, y relative 
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displacement of LS-DYNA Head FE Model to the 
vehicle interior matches well to the y displacement 
of THOR head relative to the vehicle interior (Right 
side plot of Figure 18). There is no available test 
video for the THOR head’ x trajectory from the 
NHTSA Test, but THOR Head of the NHTSA Test 
collided strongly with the IP (Instrument Panel) 
surface. The x displacement of Head FE Model in the 
Vehicle FE Model are verified using the geometric 
penetration of the side face of the Head FE Model to 
the IP surface, the penetration of which is about 35 
mm at 130 ms.   
 

 
 
Figure 18. X, Y, and Z displacements of LS-DYNA 
Head FE Model and Y displacement of THOR head 
from video analysis of NHTSA Test RC5370. 
 
Now x, y and x, z displacement trajectories of THOR 
Head relative to the vehicle interior for NHTSA Test 
RC5370 are shown in Figure 19. Left side of Figure 19 
produces 24.9 degrees of trajectory angle of THOR 
Head of NHTSA Test RC5370. This head trajectory 
angle information is critical to designing the cushion 
panel contour of passenger airbag under the NHTSA 
Oblique Impact Test. This head trajectory angle 
information is also used for selecting the setup yaw 
angle of the sled test device which is replicate of the 
NHTSA Oblique Impact Test. Another finding from 
the right side of Figure 19 is that THOR head travels -
240mm in the vertical direction until hitting the IP 
surface. 
 

 
 
Figure 19. X,Y and X,Z trajectory plots of LS-DYNA 
Head FE Model based on THOR Head of NHTSA Test 
RC5370 (Head Trajectory Angle = 24.9 Deg.  
 

CONCLUSIONS 

This study introduced a new LS-DYNA FE Model 
approach for 3-D translational and rotational motion 
calculation of THOR head by processing sets of test 
data from accelerometers and Angular Rate Sensors 
(ARS) of vehicle and THOR by utilizing “Rigid Body 
Prescribed Motion” numerical scheme of LS-DYNA. 
An Important task for the calculation of 3-D 
translational and rotational motion of the test target 
vehicle is the selection process of the available 
acceleration data for the input data to the LS-DYNA 
vehicle FE Model.  
 
THOR head’s 3-D translational and rotational motion 
from numerical analyses of LS-DYNA FE Models are 
confirmed by the video film analyses of occupant 
motion in test target vehicle test of NHTSA Test 
RC5370. Due to the yaw motion of the test target 
vehicle under NHTSA Oblique Impact Test, THOR 
head’s oblique trajectory angle information is even 
more critical in the determination of setup angle for 
the oblique sled tests. This numerical modeling 
approach serves to develop new safety restraints 
devices for various impact conditions by providing 
THOR head’s 3-D motion information for oblique 
impact condition.   
 
The next step in improving the predictability of 
pitching and rolling motion of LS-DYNA Vehicle FE 
Model will be to add extra accelerometers at the 
different locations over the test target vehicle’s body 
structure. This extra acceleration information will 
help a better vehicle CG’s 3-D calculation performed 
by the LS-DYNA Vehicle FE Model. 
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ABSTRACT 
 
Alongside the hardware development of the THOR (Test Device for Human Occupant Restraint) 5th percentile 
female crash test dummy in cooperation with NHTSA, the development of the THOR 5th FE model is also well 
underway. The THOR 5th is an advanced small female crash test dummy and referred hereafter as THOR-5F. 
The main objective of the current paper is to describe detailed FE model development and biofidelity 
evaluation of the THOR-5F FE model. The paper also presents design support using the FE modeling for the 
THOR-5F ankle joint hardware design. 
 
As with all FE models, geometry, material modeling and structural connectivity are of focus when developing 
the THOR-5F FE model. All the instrumentation and sensors are accurately realized in the model. 
Furthermore, it has first-hand access to the physical counterpart that allows the model to incorporate the 
latest hardware design features. The THOR-5F FE model is then evaluated against over 20 biofidelity tests 
from head to toe for functionality and performance evaluation. The current paper presents selected 
biofidelity test validations.  
 
The THOR-5F FE model showed promising functionality and performance for the evaluated biofidelity 
validation cases. Concurrent development of the FE model enabled the hardware team a possibility to 
evaluate the concept design aimed to meet the biofidelity requirements, reduce design cycle and reduce 
production cost by performing the FE analysis prior to manufacturing hardware parts. This paper illustrates in 
particular the ankle design improvement in the THOR-5F hardware supported by the FE analysis. Such 
synergy between hardware and FE complements each other for the improved hardware design and better 
model predictability and performance.  
 
The first FE model of the THOR-5F will be released in the 3rd quarter of 2017. This highly anticipated model 
will consist of a state-of-the-art mesh and appropriate connectivity, instrumentation, basic material models 
and preliminary validations to all available biofidelity tests to ensure the model functionality. The model will 
be validated rigorously against additional test load cases as they become available.
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INTRODUCTION 

A total of 32,675 people lost their lives in motor 
vehicle crashes in 2014 [1]. In the same year, a total 
of 42% of passenger vehicle severity and property 
damage incidents occurred that resulted from the 
passenger vehicles with initial point of impact in the 
front of the vehicle [1]. The similar trend of front 
initial point of impact in vehicles was observed in 
other vehicle types such as light and large trucks. 
This data suggests that the frontal crash mode is one 
of leading causes of fatal and serious injuries to the 
occupant despite the enhancements in occupant 
protection during frontal crashes and should be 
given prime focus.  
 
One such program for the frontal crash safety by 
National Highway Traffic Safety Administration 
(NHTSA) is the United States New Car Assessment 
Program (US NCAP). The US NCAP requires use of 
Hybrid 3 (HIII) 50th percentile male and 5th 
percentile small female adult anthropometric test 
device (ATD) commonly known as “crash test 
dummies” for its full width frontal barrier vehicle 
test protocol to evaluate the vehicle crashworthiness 
and occupant protection in frontal crashes. The 
crash test dummies are also employed by 
government, industry and non-government agencies 
in a variety of vehicle crash testing for the evaluation 
of occupant protection performance. 
 
One of the emerging areas in occupant protection is 
the development and implementation of 
sophisticated and more biofedilic (human like) crash 
test dummies to be used in the evaluation of vehicle 
performance. One such crash test dummy, the Test 
device for Human Occupant Restraint (THOR) is an 
advanced frontal ATD that incorporates improved 
biofidelic features and significantly expanded 
instrumentation enabling crash test engineers to 
investigate injury pathways not included in the 
design of the Hybrid III family dummies currently 
being used in US NCAP frontal test protocol. The 
THOR dummy concept was sought in 1980’s as an 
advanced frontal ATD for both the adult male 50th 
percentile and small female 5th percentile 
representations similar to the Hybrid III 50th and 5th 
dummies, respectively. The earlier prototype for the 
THOR-5th percentile dummy was developed in early 
2000’s. Recently, the THOR 5th percentile small 
female advanced ATD hardware is under 

development as a possible successor to the HIII 5th 
percentile crash test dummy. 
 
Concurrent to THOR-5F hardware development, the 
presented work highlights development of the 
THOR-5F ATD finite element (FE) model. Although 
this dummy FE model is evaluated for a variety of 
biofidelilty loading conditions which is required for 
the hardware to meet, the current paper is limited 
to present selected biofidelilty loading conditions in 
the head, neck, thorax, and lower leg regions of 
THOR-5F FE model. Additionally, the paper also 
presents the ankle joint design support for the 
hardware design and development with the support 
from the FE simulations.  

THOR-5F FE MODEL DEVELOPMENT 

As described earlier, the THOR-5F is an advanced 
frontal ATD with a lot more complex features and 
measurement capabilities. It has a total of 174 data 
channel capabilities and extensive biofidelilty 
requirements. The THOR-05 FE model incorporates 
all the complex features in great details. All the 
sensors and instrumentation are modeled in the FE 
model to have similar injury predictive capabilities as 
the hardware. Since the THOR-5F FE model 
development has been carried out concurrently with 
the development of the dummy hardware, this has 
allowed the model developers to ensure that the 
latest hardware changes are represented in the 
model in the most physical way.  
 
Figure 1 shows the THOR-5F FE model 
representation and also the mid sagittal sectional 
view of the model to highlight the interior features. 
The total THOR-5F FE model element count is more 
than 0.6 million and the node count is less than 0.5 
million with a time-step size close to 0.7 micro-
second which is in line with the common industry 
practices and user expectations. 
 
The THOR-5F model is currently being evaluated 
against over 20 biofidelity tests to ensure the model 
functionality. Only selected cases as described in 
Table 1 are presented in the current study. A 
detailed test plan containing additional component, 
sub-assembly and full dummy level validations for a 
wide variety of loading conditions at various levels of 
complexity is under way to ensure that model’s 
predictive capabilities are as high as possible. 
 

 



 

Shah                                                                                                                                                                                            

 
 

Figure 1.  THOR-5F FE model with mid sagittal sectional view (on right). 
 
 
Table 1. Biofidelity Test Evaluation for FE model. 

 
Region Load-Case [Reference] 
Head Forehead Probe Impact [2] 

Neck 
Frontal Flexion (Mini Sled) [3] 
Lateral Flexion (Mini Sled) [4] 

Torso Upper Ribcage Probe Impact [5,6] 
Leg Ankle Eversion [7] 

 

THOR-5F FE MODEL BIOFIDELITY EVALUATION 

Head – Forehead Probe Impact 
The head of the THOR-5F consist of skull and skin. 
The skull incorporates a set of accelerometers and 
angular rate sensors (ARS) to measure the 3D 
head kinematics. The face of the head comprises 
of five face load-cells (2 eye, 2 cheek and 1 chin) 
to measure the compressive loads on face. The 
mid-sagittal sectional view of the head FE model is 
shown in Figure 2. 

 

Figure 2.  THOR-5F FE head model. 
 

The biofidelilty test data is derived from Melvin 
and Weber (1985) [2]. The test setup requires 
torso being maintained straight vertical on a 
horizontal, flat, rigid surface with unsupported 
back. The head of the dummy is placed such that 
the axis of the probe is aimed on the forehead in 
the mid-sagittal plane, 26 mm above the 
horizontal line through nasion landmark. The tilt 
of the dummy head/neck assembly is adjusted so 
that the impact area on the head is parallel to the 
face of the probe. The model setup for this 
loading condition is shown in Figure 3.  

The biofidelity response requirement for this load 
case is a probe force versus time specification as 
shown in Figure 4. The force in model is measured 
as contact force between probe and head. 

 

 

Figure 3.  Forehead probe impact model setup. 
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Face load-cell  
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Figure 4.  Forehead probe impact model response 
against biofidelity specification. 

 
Neck – Flexion Mini Sled (Frontal and Lateral) 
The THOR-5F neck assembly consists of complex 
structures. The mid sagittal sectional view of the 
THOR-5F FE neck model assembly is shown in 
Figure 5. The neck comprises of a series of 
aluminum disks and rubber pucks. The elliptical 
rubber pucks along with all the three cables 
(center, front and rear) provide the desired frontal 
and lateral bending responses for the neck. Fore 
and aft springs located in the skull and connected 
to front and rear cables enhance the biofidelic 
behavior in the THOR-5F neck. The rubber soft 
stops (flexion and extension stops) attached at the 
base of the neck provide desired bending 
characteristics in both flexion and extension. The 
instrumentation for the THOR-5F neck assembly 
includes a pair of spring load cells to measure the 
compression at the fore and aft locations, the 
upper and lower neck load cells to measure neck 
forces and moments, and a rotary potentiometer 
at the condyle pin to measure the relative rotation 
between the head and top of the neck.  

 

 

Figure 5.  THOR-5F FE neck model. 

 

The THOR-5F neck is validated for the neck flexion 
in frontal and lateral loading in the mini sled. The 
setup for the validation is shown in Figure 6. The 
dummy head and neck assembly is rigidly 
mounted to the sled at the base of the lower neck 
load cell. The head and neck assembly is 
positioned for a frontal flexion test with the front 
of the head facing the front of the sled. For the 
lateral loading, the head and neck assembly is 
rotated 90 degrees and the head front was facing 
90 degrees to the direction of the sled. The target 
input to the sled is the acceleration pulse for 
frontal loading [3] and lateral loading [4].  

Displacement of head CG and T1 landmark in FE 
model are tracked for displacement time-history. 
The head and neck rotations are measured as the 
rotation vector connecting T1 landmark with the 
head CG in the model. Head and neck angles and 
trajectory displacements are compared to the 
available biofidelilty corridors and presented in 
Figures 7 and 8 for the frontal and lateral loading, 
respectively. 
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Frontal      Lateral 

 

 

Figure 6.  Neck flexion mini-sled model setup. 

 

 

  

 

 

Figure 7.  Neck frontal flexion mini-sled response against the biofidelity corridors. 
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Figure 8.  Neck lateral flexion mini-sled response against the biofidelity corridors.

 

Torso – Upper Ribcage Probe Impact 
The THOR-5F torso hardware consists of a 
complex structural aspect involving ribs, sternum 
with integrated breasts, spine box shown as 
sectional view in Figure 9. The torso of the THOR-
5F is instrumented with many sensors including 
accelerometers, ARS, load-cells and two Infra-Red 
Telescoping Rod for the Assessment of Chest 
Compression (IRTRACC) in the upper and two 
IRTRACC in lower ribcage areas. The most 
important sensor from thorax injury prediction 
perspective in automotive safety is the chest 
compression. It is used to measure how much the 
sternum (front of the chest) compresses relative 
to the spine box. The THOR-5F model accurately 
captures all structural, geometric and 
instrumentation aspects of its hardware 
counterpart. The materials in THOR-5F model such 
as foams, rubbers, bib and ribs are modeled using 
the best available options from the FE material 
library. 

 

Figure 9.  THOR-5F FE torso and pelvis model. 
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The upper central ribcage probe impact setup is 
shown in Figure 10. The model is setup in a sitting 
position without any back support and legs and 
arms raised to be horizontal to the ground. The 
probe impacted model such that centerline is at 
rib #3 level and positioned over the mid-line of 
the sternum.  

Two sets of biofidelity response data are used for 
model comparison. The external chest 
compression data are derived from the biofidelity 
corridors by Lebarbe et al. (2012) [5]. The force is 
measured as the contact force between the model 
and the probe and the displacement is measured 

as the tracked point at the front of sternum along 
the probe centerline to the spine box.  

For the internal chest compression, two upper 
IRTRACC data from the model are averaged to get 
the sternum displacement and the forces are 
measured in the similar way as the contact force 
between model and the probe. For internal 
corridors, the response curves are obtained from 
Neathery et al. (1974) [6].  

The results for the model comparison to internal 
and external biofidelity response corridors are 
presented in Figure 11.

 

 

 

Figure 10.  Upper ribcage probe impact model setup. 

 

                      

     (a)      (b) 

 

Figure 11.  Upper ribcage probe impact response against biofidelity corridors (a) external (b) internal.
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Leg – Ankle Eversion and Ankle Design Support 
The lower leg of the THOR-5F hardware consists of 
tibia, molded shoe, Achilles cable. The ankle joint 
has three rotational degree of freedom with three 
rotary pots to measure the local rotation of the 
ankle joint. The lower leg also consist of three 
load-cells: Achilles load-cell and upper and lower 
tibia load-cell to measure loads and moments in 
the tibia. The foot and tibia also have multiple 
accelerometers and ARS to measure lower leg 
kinematics. The model is represented very closely 
to the hardware design and is shown in Figure 12. 

The model is evaluated for one of the lower leg 
(ankle joint) biofidelity test validations derived 
from Funk et al. (2002) [7]. The model setup is 
shown in Figure 13. To mimic the hardware setup, 
the shoe of lower leg were removed and the ankle 
plate was mounted on the center of an external 
foot plate. The knee clevis bone was constrained 
such that only the tibia axial (along Z axis, Figure 
13) translation is permitted. Rotation of the ankle 
joint was achieved by rotation of foot plate as 
depicted in Figure 13 for the eversion of the ankle. 
The ankle rotary pot and the lower tibia load-cell 
moment were recorded in the model for 
comparison to the biofidelity response corridors. 

The initial FE iterations for the ankle eversion 
loading case revealed that the original design of 
the ankle as shown in Figure 15 posed unstable 
deformation of rubber bumpers. The rubber 
bumper material slid off the wing shape center 
block instead of compression and hence rubber 
bumper was not providing any stiffness and 
support to the ankle joint.  

A new hardware design was iterated with the 
support from FE simulation to optimize the shape 
of the rubber materials and the center block to 
better engage rubber bumpers. The original and 
new ankle design comparison is shown in Figure 
14.  

The new design showed improved behavior and 
sensitivity to the rubber bumper material change. 
The original and new eversion rubber design FE 
model response comparison against the biofidelity 
corridor requirements are presented in Figure 15. 
The new design gave hardware team the 
possibility to change the composition of the 
eversion rubber bumper material to achieve the 
desired stiffness of the ankle joint.  

 

 

 

 

Figure 12.  THOR-5F FE lower leg model (left) and details of ankle assembly model (right).
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Figure 13.  Eversion case FE model setup for the 
ankle joint. 

 

 

Figure 14.  Comparison of the original and new 
ankle joint design after FE simulations.  

 

 

Figure 15.  Comparison of the FE model original 
and new ankle joint design against biofidelity 

corridors. 

 

 
DISCUSSION 
 
The limitation for the biofidelity corridors are that 
they have been derived from scaling down of the 
cadaver data from the 50th percentile 
anthropometric representation. The other limiting 
factor for the current response is the materials 
from the best possible sources as hardware is 
currently being developed concurrently. Further 
material and hardware testing are planned to 
enhance the model in the most physical way.  

 
CONCLUSIONS 
 
Following conclusions can be drawn from the 
presented study:  

• A very detailed THOR-5F FE model is 
being developed. 

• All the hardware complexities of the 
structure, material, and instrumentation 
of the dummies are reasonably captured 
using the best possible features in the FE 
solver. 

• The model demonstrate promising 
functionality and performance while 
computationally being cost-effective. 
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ABSTRACT 

According to Japanese traffic accident statistics, the number of overall casualties on a downward trend but 
still more than a 1000 fatalities of pedestrian still occurred every year. Therefore, it is important that 
automobile manufacturers research the safety of vehicles for pedestrians. Especially, it is necessary to study 
bonnet hood construction that the pedestrian’s head impacts reduce head injury as cause of fatality. On the 
other hand, body construction of vehicle must consider weight reduction so as to reduce the CO2 emissions. 
For that reason, automobile manufacturers have increased the use of aluminum for bonnet hood. It is known 
that longer crash strokes are needed for pedestrian protection if aluminum hood is used compared with steel 
hood. It is because that energy absorption characteristic is inferior in aluminum on account of low inertia 
weight and low stiffness. Accordingly, longer clearances under the hood are needed and restrictions of layout 
increase if the aluminum hood is adopted. To combine pedestrian protection and weight reduction has high 
design difficulty for automobile manufacture. The authors studied aluminum hood construction that can 
reduce pedestrian crash stroke convent conserving pedestrian protection performance in order to reduce 
restrictions of layout. 

Since the pedestrian's head may impact to any location on the hood, several evaluation points are needed 
for validating the pedestrian protection performance. In order to design validated point easily, independent 
construction is desirable. In this research, emboss construction was adopted for the hood, in order to lower 
the stiffness response for each evaluation point. Furthermore, a CAD parameter model of this emboss hood 
was created, and optimization CAE was combined. Injury values and strokes were evaluated by the 
optimization CAE. Convergence of solution takes much time from the several evaluation points and variables 
if optimization is performed. Then, at the beginning, 30 designs were created with uniform random number. 
Secondly, they were calculated so that it could look down at overall performance in order to find the most 
severe evaluation point, which it is difficult to meet the HIC requirement. Thirdly, for the most severe 
evaluation point, optimization CAE was performed so that stroke could be minimized. Lastly, the optimized 
shape in the severe evaluation point was validated whether performance of other validation points were also 
improved. 

Because of optimization CAE, the head impactor stroke was reduced 6% compared to the conventional 
aluminum hood. Moreover, HIC value of all validation points was below target value. 

As a result of analyzing design variable contribution, various factor existed for HIC and stroke. Sheet 
thickness and gap between hood frame and skin had influence on both stroke and HIC. In addition, the array 
pattern had influence on only HIC. After deceleration of the impactor was determined by hood gap and sheet 
thickness from 0msec to 4msec, it was determined by emboss pattern after 4msec. However, in order to 
apply this research to vehicle development, it is necessary to review the stamping manufacturability of 
aluminum and to re-set design variable as probable realistic range. 

The authors studied aluminum hood construction where both low HIC and low stroke were realizable. This 
research could contribute to improvement in both pedestrian protection performance and weight reduction. 
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INTRODUCTION 

According to Japanese traffic accident statistics, 
34.9% of all the fatal accident is pedestrian 
accident [1].  In order to reduce pedestrian fatal 
accident, regulation and assesment tests are 
performed to validate pedestrian protection 
preformance all over the wrold.  The test validating 
pedestrian head protection performance is 
evaluated by HIC (Head Injury Criterion) using a head 
impactor [Equation 1]. As test area agree with WAD 
(Wrap Around Distance),  parts of vehicle front side 
are evaluated [2]. Because most of test area is near 
the bonnet hood, it is important to study hood 
construction to improve head protection 
performance [Figure 1]. 

Automobile manufacture which adopts not steel 
but aluminum for bonnet hood is increasing in 
recent years. Certain crash strokes are needed for 
pedestrian protection in case aluminum hood is 
used compared with steel hood. It is because that 
energy absorption characteristic is inferior in 
aluminum on account of low inertia weight and 
low stiffness. Therefore, longer clearances under 
hood are needed and restrictions of layout 
increase if aluminum hood is adopted.  

In past study, Ikeda et al.[3] developed a hood 
structure that reduced pedestrian crash stroke 
rather than conventional hood while maintaining HIC 
value. However, the structure could not reduce 
crash stroke when HIC value is 1000 or less. Weiss et 
al.[4] deviced hood design method by geometry 
based optimization CAE taking pedestrian protection 
into considaration. The method could search most 
efficient shape regarding concept design. The 
authors studied hood structure to reduce crash 
stroke also in case of low HIC value appling the 
method which Weiss et al. determined.  

 

 
.

 

(Equation 1) 
 

 
Figure 1.  Wrap Around Distance. 
(http://www.nasva.go.jp) 

METHODOLOGY 

Ideal Characteristic of HIC650 
According to Equation 1, there are many 

waveforms to be a certain HIC. Okamoto et al. [5] led  
the acceleration equation to minimize stroke in the 
same HIC [Equation 2]. Ideal G-t waveform become 
Figure 2 when 650 is substitued for HIC in this 
equation. Waveform which raises initial G and 
lowers the latter G appropriately has good efficency 
of stroke as this figure. However, this waveform can 
not be realized acctually because Figure 2 has inifint 
deceleration at 0msec. Therefore, the authors 
defined the target waveform such as initial G is 120G 
and the lattar G is 60G [Figure 3].  

. ∙ .
 0.6 ∙ . ∙ .                 (Equation 2) 

 

Figure 2.  Ideal Characteristic Curve of HIC650. 
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Figure 3.  Target Curve of HIC650.（Red curve） 

Control of Deceleration 
Equation 3 and Equation 4 are from the energy 

conservation law and momentum conservation 
law. The meaning of each character shows Figure 
4. In addition, Equation 5 is from both equations. 
This equation shows that deceleration is governed 
by hood stiffness and mass. It is necessary to 
control the waveform such that initial G can be 
raised and the latter G can be lowered to realize 
the target waveform in Figure 3. 

             (Equation 3) 

                (Equation 4) 12 ∙ 1 ∙  ∙ ∙                          (Equation 5) 

where, 
K(t):Hood Stiffness 
M(t):Impactor and Hood Effective Mass 
 

Figure 4.  Meaning of Each Character. 

 

Concept of Hood Construction 

Effective-mass Aluminum hood has low effective 
mass due to low mass density. Holes of 
conventional aluminum hoods were filled in order 
to add effective mass in this study [Figure 5].  

 

Figure 5.  Hood construction with filled surface 

 

Hood-Stiffness Because head impactor moves 
with the hood when the crash time advances, the 
effective mass continues increasing. Therefore, it 
is necessary to control hood stiffness in order to 
vary deceleration at initial and the latter time 
such as target waveform. On the other hand, 
pedestrian protection test evaluates many 
validation points on hood. For this reason, it is 
desirable to be able to control stiffness at every 
validation point. Consequently, the authors set 
independent pattern structure on the hood. After 
we create appropriate shapes for independent 
elements, each characteristic was validated by 
comparison investigation [Table 1]. The items are 
geometrical load transfer, amount of design 
variable, productivity and layout restriction. If 
there are many ridge lines, concern will increase 
regarding manufacturability and design 
restrictions. Even if the item of reduced ridgeline 
does not have surface at the top, load transfer 
efficiency will be low. As results, most appropriate 
independent shape was determined to frustum. 
The authors call it emboss structure [Figure 6].  

Table 1. 
Comparison of independent shape 
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Figure 6. Hood concept for pedestrian 
protection  

 

Optimization CAE system 

CAE-work-flow In order to reach concrete 
structure to be able to reduce crash stroke from 
devised concept shape, optimization CAE was 
performed. modeFRONTIER was used for 
optimization CAE software. CATIA was used for 
modification of aluminum hood shape. ANSA was 
used for creating mesh. LS-DYNA was used as FEM 
solver. LS-PrePost was used for post results 
process. Calculation work flow is in Figure 7 using 
optimization CAE system.  

 

Figure 7.  Schematic diagram of optimization 
CAE 

 
Design-variables Table 2 shows the design 
variables set in modeFRONTIER. The authors 
considered that numbers of emboss and distance 
during emboss may affect to the stiffness of hood.  
In order to avoid to increase design variables, 
dependent variable was used for numbers of 
emboss defined by emboss distance and diameter 
[Equation 6, 7].  Figure 8 shows relationships 
between arithmetic expressions and emboss 
shape. This diameter and distance were used only 
when determining numbers of emboss. As the 
authors consider that gap between hood skin and 
hood frame may has effect to increase effective 

ID Parameters Name Lwr Upr Level Width
1 Vertical emboss distance CH 5 50 10 5
2 Horizontal emboss distance CL 5 60 12 5
3 Representative diameter D 45 95 11 5
4 Gap between hood skin and frame Offset 0 5 6 1

Angle_A 45 85 9 5
Angle_B 45 85 9 5
Angle_C 45 85 9 5
Angle_D 45 85 9 5

Dia_A 30 100 15 5
Dia_B 30 100 15 5
Dia_C 30 100 15 5
Dia_D 30 100 15 5

13 Array patern SORT 0 1 2 1
14 Frame thickness T_FRAME 0.8 1.1 4 0.1
15 Skin thickness T_SKIN 1 1.2 3 0.1

5～8 4 Angles of corner emboss

9～12 4 Diameters of corner emboss

Table 2. 
Design Variables for optimization 



Ito 

mass, adding to design variables [Figure 9]. 
Because the authors also thought each emboss 
angle and each diameter may has effect, adding to 
design variables. However, design variables have 
huge numbers if each emboss angle and each 
diameter were set to design variable. Then design 
variables was reduced by linear interpolation 
during 4 embosses at the corner such as Figure 10. 
In addition, emboss pattern was set to 2 patterns 
such as Figure 11. The design variable was defined 
by numbers that crosscut pattern was 0 and 
alternate pattern was 1. Finally, thickness of hood 
skin and frame were added to design variables. NH floor 450 / 2 ∗ R D CH 1  
(Equation 6) NL floor 1200 / 2 ∗ R D CL 1  
(Equation 7) 

where, 
NH：Number of vertical emboss (3≤NH≤6)  
NL：Number of horizontal emboss (9≤NL≤19)  
CH：Representative emboss distance (Row)  
CL：Representative emboss distance (Column)  
D：Representative diameter  
R：Fixed by R5 
floor: Truncation of digits 
 
Vehicle-model Mass production vehicle of sedan 
type with aluminum hood was used for vehicle CAE 
model (Figure 12). After marking all validation 
points on the vehicle defined by Euro-NCAP, the 
authors extracted 9 validation points in order to 
evaluate comprehensively. Then these extracted 
points were determined as validation points for 
CAE model [Figure 13]. Target HIC were set to 650 
and 1000 based on evaluation method of Euro-
NCAP. In general, CAE result has some errors 
depending on simulation accuracy against test 
result. In this study, HIC target values in CAE were 
determined as 607 and 911 based on past 
developments. In addition, assignment of target 
values for each validation point were assumed to 
acquire over 65% score of Euro-NCAP pedestrian 
test [table 3]. Impactor stroke was measured by 
50 degree direction which is approach angle.  

Validation-process If 9 validation points are 
validated by all 15 design variables, calculation 
will take an enormous amount of time. Therefore, 
the authors took 3 validation steps as below. At 
first, worst validation point was determined after 
investigating severe validation point using 30 

uniform random designs. Secondly, Optimization 
CAE was performed for the worst validation point 
so that stroke can minimize while satisfying target 
HIC. Lastly, performance of whole hood was 
confirmed whether the optimized shape improves 
other validation point performance. 

Step1: Selection of worst validation point using 30 
design variables. 

Step2: Optimization for impactor stroke for worst 
validation point. 

Step3: Confirmation all validation points with 
optimized shape. 

 

Figure 8.  Relationship between arithmetic 
expression and emboss shape (Row) 

 

 Figure 9.  Gap between hood skin and frame 
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Figure .10 4angles and diameters of corner 
emboss 

 

Figure .11 Array pattern of emboss
 

 

Figure .12 Vehicle model for optimization CAE 

 

Figure .13 Validation point on emboss hood 

Table 3. 
Target value of HIC 

Validation Point Target HIC 
1 607 
2 607 
3 911 
4 607 
5 607 
6 607 
7 607 
8 607 
9 911 

 

RESULTS 

Selection of worst validation point 

Figure 14 shows that the relationship between 
HIC and stroke on each validation point by 30 
uniform random designs within the design 
variables range determined at Table 2. This figure 
indicates that No6 is the worst validation point of 
them all. As a result, No6 was selected as the 
worst validation point.  

Optimization for impactor stroke on worst 
validation point 

Optimization condition was determined as below 
for the selected worst validation point. There are 
various algorithms for optimization. As this study 
has many design variables to search in large 
design space simulated annealing for global 
optimization was used.  

 



Ito 

 

Output variable: HIC, Impactor stroke 

Objective function: Minimize impactor stroke 

Boundary condition: Under HIC607 

DOE (Design of Experiment) sampling: 30 designs 
by uniform random number 

Optimizer: MOSA (Multi-Objective Simulated 
Annealing) 

Total design numbers: 441 

Figure 15 shows optimization calculation results 
on No6 validation point. The design which is in 
most lower left is the best solution in the figure. 

Confirmation all points with optimized shape 

Optimized shape on No6 was calculated for other 
validation point. However, HIC of No2 was over 
607 [Table 4]. Therefore, the pareto solutions of 
No6 was investigated whether they can satisfy 
target HIC of No2 [Figure 16]. As a result, there 
were 3 solutions with HIC under 607 [Figure 17]. 
The shortest solution of stroke in the 3 solution 
was validated for other 7 validation points without 
No2 and No6. Then the optimized shape for No6 
and No2 satisfied all HIC target. Furthermore, the 

authors compared the optimized shape with 
conventional hood shown at Figure 5 about HIC 
and stroke. Consequently, the crash stroke was 
reduced an average of 6% while satisfying target 
HIC for all validation points [Figure 18, 19][Table 
6,7]. Figure 19 shows optimized shape. 

 

Figure 15. Optimization calculation results on No6 
validation point 

 

 

 

 

 

Figure 14. Relation between HIC and stroke on each validation point 
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Table 4. 
Results of HIC by No6 best design 

  Target 
HIC 

No6 
best  

HIC_1 607 524  
HIC_2 607 641 
HIC_3 911 753  
HIC_4 607 317  
HIC_5 607 408  
HIC_6 607 582  
HIC_7 607 452  
HIC_8 607 498  
HIC_9 911 789  

 

 

Figure 16. Pareto solution in optimized result 

 

 

Figure 17. No2 CAE results using No6 pareto 
solution 

 

 

 

 

 

 

Table 5. 
Results of HIC by No6 pareto design 

  Target 
HIC 

No6 
pareto 

HIC_1 607 487  
HIC_2 607 600  
HIC_3 911 660  
HIC_4 607 275  
HIC_5 607 496  
HIC_6 607 566  
HIC_7 607 435  
HIC_8 607 486  
HIC_9 911 771  

 
 

Table 6. 
Comparison with conventional hood and 

optimized hood result (HIC) 

  Target 
HIC Conventional No6 

best  
No6 
pareto

HIC_1 607 456 524  487  
HIC_2 607 389 641 600  
HIC_3 911 809 753  660  
HIC_4 607 384 317  275  
HIC_5 607 525 408  496  
HIC_6 607 748 582  566  
HIC_7 607 621 452  435  
HIC_8 607 653 498  486  
HIC_9 911 777 789  771  

 
Table 7. 

Comparison with conventional hood and optimized 
hood result (Stroke) 

  Convention
al 

No6 
best  

No6 
pareto 

Reductio
n rate 

DISP_1 91  84  87  5% 
DISP_2 92  81  84  9% 
DISP_3 88  74  76  16% 
DISP_4 80  75  80  1% 
DISP_5 77  73  79  -2% 
DISP_6 77  64  69  12% 
DISP_7 80  75  79  1% 
DISP_8 84  74  79  7% 
DISP_9 77  65  70  10% 
Ave 82.9 73.7 78 6% 

Unit:mm 
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Figure 18. Comparison with conventional hood and 
optimized hood result (HIC) 

 

 

 

Figure 19. Comparison with conventional hood and 
optimized hood result (Stroke) 

 

 

 

Figure 19. Optimized hood structure 

 

DISCUSSION 

Stroke effect analysis  

Contribution analysis of acquired optimized 
solution was investigated. SS-ANOVA (Smoothing-
Spline Analysis of Variance) was used for 
contribution analysis. This method mainly 
decomposes overall fluctuation into each one for 
every factor, and calculates each ratio between 
overall fluctuation and each one for every factor. 
Then Smoothing-Spline method is used for the 
decomposition [6]. Figure 20 shows that the frame 
thickness, skin thickness and gap of hood have 
contribution for stroke. Furthermore, effect size 
was investigated using Student-Chart within each 
design variable [Figure 21]. The effect size is 
plotted on the Y axis and it shows the strength of 
the relationship between the input and the output 
variable. A positive effect size value indicates a 
direct relationship with the output variable, 
whereas a negative value indicates an inverse 
relationship. This method resolves into upper and 
lower levels for each variable. The effect size is 
computed as the difference between mean of 
lower level and mean of upper level. In this way, it 
generates an ordered list of factors based on 
importance [7]. Figure 21 shows that frame 
thickness, the skin thickness and gap of hood has 
large effective size the same as SS-ANOVA. In 
addition, the vertical emboss number (NH), 
angle_A and angle_C have also effect. From these 
graph, it may be considered that these variables 
affect the stroke by varying hood stiffness. 

Figure 20. Contribution of stroke 
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Figure 21.  Student-Chart of stroke 
 
HIC effect Analysis 

The authors analyzed the HIC contribution as 
well as stroke. Figure 22 shows that the skin 
thickness, array pattern and gap of hood have 
large contribution from SS-ANOVA. Then the 
effect size was also analyzed by Student-Chart. 
Figure 23 shows that the skin thickness, array 
pattern and gap of hood have large effect size as 
same as SS-ANOVA. In addition, the emboss 
diameter and frame thickness also has an effect. 
On the other hand, the array pattern had 
contribution to HIC and not stroke. When the 
array pattern is changed, it may be thought that 
attitude of the initial G changes.  

 

Figure 22. Contribution of HIC 

 

Figure 23.  Student-Chart of HIC 
 

Kinematics Analysis 

Mechanical behavior of the optimized hood was 
analyzed on the No6 validation point. Then it was 
compared with how the kinematics changed from 
conventional hood. Figure 24 shows the waveform 
comparison of the conventional hood and 
optimized hood. It indicates that the initial and 
the latter G are closer to the ideal waveform 
rather than conventional hood. In addition, the 
strain energy distribution was compared at 2msec 
[Figure 25, 26]. It is thought that the initial G of 
optimized hood was improved by the increase in 
effective mass because the strain energy 
distribution area was large. Furthermore, the 
deformation kinematics at hood rear end was 
confirmed at the latter time. Because the 
conventional hood has shorter between the hood 
rear wall end and the cowl top which is supporting 
point, the hood deformation was interfered 
[Figure 27]. On the other hand, as the optimized 
hood was smoothing surface from the cowl top to 
emboss, the hood deformation was not interfered 
[Figure 28].  It became appropriate shape so that 
the latter G could decrease by geometry-based 
optimization.  
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Figure 24. Waveform comparison of conventional 
hood and optimization hood 
 

 

Figure 25. Strain energy distribution at the time of 
2msec of conventional hood 
 

 

Figure 26. Strain energy distribution at the time of 
2msec of optimized hood 

 

 

 
Figure 27. Conventional hood deformation between 
0msec and 10msec  

 

 
Figure 28. Optimized hood deformation between 
0msec and 10msec  

 

LIMITATION 

In order to apply this research to vehicle 
development, it is necessary to review the 
stamping manufacturability of aluminum and to 
re-set design variable as probable realistic range.  

CONCLUSIONS 
 
The authors researched emboss aluminum hood 
structures which could help both lower HIC values 
and reduced stroke using geometry based 
optimization CAE.  
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The embossed hood reduced crash stroke 6% 
conserving target HIC as compared with 
conventional hood. 

The design variables which have influence for stroke 
were frame thickness, skin thickness and gap of 
hood frame and skin. 

The design variables which have influence for HIC 
were skin thickness, array pattern and gap of hood 
frame and skin. 

The initial and the latter G of the optimized hood 
come close to ideal waveform. 

Time which optimized calculation took is about 
five days in this research. Since design period is 
restricted in development short optimization 
computation time is desirable. In this research, 
design variables which affect contribution and 
effect size became clear. In that case optimization 
computation time can be short by fixing design 
variable which does not contribute application to 
vehicle development can be realized.    
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ABSTRACT 
 
NHTSA released the Standard FMVSS No. 226 final rule in January 2011 for the protection of passenger from 
ejection through side windows during rollovers or side impact events. However there is no safety device to 
protecting the occupants from the roof ejection. Furthermore, the sunroof market size is increasing every year. For 
these reasons, the ejection to the roof is exposed to great danger. Therefore, in this study, the panoramic sunroof 
airbag was developed for the passenger protection from the ejection. Based on a vehicle rollover behaviour, the TTF 
and deployment times were derived. And the cushion structure was designed to prevent the ejection of passengers 
from a confined space within the roof. 
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INTRODUCTION 
 
The sunroof has a market size of $4,924.5 million in 
2015. And the average growth rate was projected to 
grow by 10.9 % by 2022.1) In particular, the growth 
rate in the premium automotive market in China, 
India, and Korea has become more pronounced. 

 

 
 

Figure 1. Global sunroof market size 
 

Depending on these mounting rates, the proportion of 
the vehicles with the sunroof is gradually increasing, 
resulting in an increase in the number of accidents 
driven by the sunroof. 
According to NASS-CDS data2) analysis in 2000 to 
2015, the total accidents caused by ejections from the 
overall crash rate are 15%, and the departure of the 
roof is up to 11%. In case of panoramic sunroof, 
there is mush higher risk in the ejection than 
conventional sunroof cause of its larger size of the 
window. 
 

 
 

(a) Ejection in rollover 
 

In the case of the ejection through the it side window, 
the regulation of the FMVSS No. 226 is protected, 
but there is no safety device to protecting the 
occupants from the roof ejection. Thus, the ejection 
to the roof is exposed to great danger.  To identify 
these risks, NHTSA conducted an evaluation of the 
risk of occupant ejection from the sunroof.3) As a 

result, there is a very high level of ejection in the 
center and border of the panoramic sunroof. 

 
 

(b) Ejection area in rollover 
 
Figure 2. Ejection in rollover (NASS-CDS 2000 

to 2015) 
 

Futhermore, the roof is exposed to a very high degree 
of risk when it has no protection against any rollover 
incidents in the event of a field crash. Heudorfer et al. 
had conducted research the airbag which is installed 
and deployed from the vehicle seatback.4) And 
airbags are positioned between the passenger's head 
and ceiling, reducing the injuries both head and neck. 
However, due to the structural limitations of the 
cushion, it was not possible to fulfil the role of the 
occupants from the ejection of the passengers. 
In this study, we developed the panoramic sunroof 
airbag that protects the passenger from the ejection, 
which increasing risk of accidents with continuously 
growth of mounting rates. Based on a vehicle rollover 
behaviour, TTF and deployment times were derived. 
A cushion structure was designed to prevent the 
ejection of passengers from a confined space within 
the roof. 

 
MODULE DESIGN CONCEPT 
 
The panoramic sunroof airbag is an integral structure 
that is mounted on the rear of the inside panoramic 
sunroof panel and is deployed from the rear to the 
front. In Figure 3, the airbag module consists of an 
inflator, cushion, mounting bracket, cover and 
deployment guider, and the deployment guiders are a 
bar-shaped steel structure with the moved mounting 
tabs along it. In addition, the mounting tab has 
plurality of the steel annular sturctures, and the 
mounting tabs are slid along guider. In this case, the 
deployment guiders play a role that the panoramic 
sunroof airbag can be deployed smoothly to the front 
in full deployment and at the same time controls the 
upward or downward movement of the cushion  in 
the full deployment, thereby preventing occupant 
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ejection because of the coverage of cushion. The 
concept of full deployed cushion is deployed inside 
the panoramic sunroof as shown in Figure 4, and is 
positioned between the roll blind and panoramic 
sunroof glass to prevent the occupant ejection. 
Moreover, the zigzag folding was applied to induce 
the sequential deployment of the cushion and  to 
reduce the friction between the roll blind and the 
panoramic sunroof glass. In the present study, three 
types of cushion patterns were proposed as follow. 
Figure 5 shows each cushion pattern.  
(a) Parallel chamber type   
During the deployment, the gas can be rapidly 
distributed from the diffuser to each horizontality 
chamber.  
(b) Edge chamber type  
During the deployment, gas is flowed from the 
diffuser into the left/right outter chambers to induce 
rapid coverage.  
(c) Dual step chamber type  
It is concept that 1st row chamber is deployed after 
2nd row chamber is fully deployed. The 1st row 
chamber and 2nd row chamber are independently 
separated from center pillar of the panoramic sun 
roof to avoid interference with the center pillar of the 
panormic sun roof. 

 

 
 

Figure 3. Panoramic sunroof airbag module 
 

 

 
Figure 4. Panoramic sunroof airbag concept 

 

 

 
(a) Parallel chamber type 

 

 

 
(b) Edge chamber type 

 

 

 
(c) Dual step chamber type 

 
Figure 5. Panoramic sunroof airbag cushion 
pattern 
 
DEPLOYMENT CHARACTERRISTIC  
 
TTF and deployment time 



 

MIN <#> 

In this study, the TTF and depolyment time was set 
according to the movement of dummy to the roof 
area at the rollover test (Test No. 6088) by NHTSA 
which  the test mode was the unbelted condition of 
FMVSS No. 208 Dolly rollover.5) In this test, the 
driver dummy was moved to the roof area at 90ms 
after the full deployed time of curtain airbag. 
Therefore, the TTF was set by the full deployed time 
of the curtain airbag. And, the deployment time was 
set by 60ms  in consideration of the marginal time 
about 30ms due to the movement the driver dummy 
to the roof area. 
 
Cushion patterns 
The static deployment test was performed to observe 
the deployment characterictics according to the 
proposed 3 cushion patterns. In the tests, to reflect the 
real world accident situation, airbag modules are 
installed in the panoramic sunroof system which is 
under mass production.  
Figure 6 (a), (b), (c) shows the deployment test 
results of proposed 3 cushion concepts, respectively. 
In Figure 6 (a), parallel chamber concept is shown to 
be deployed abnormally due to an interception 
between the center pillar of the panoramic sun roof 
and the airbag cushion. As mentioned above, the gas 
flow uniformly to each chamber from rearward to 
forward direction. However, the tab velocity VTAB is 
slower than the gas velocity VGAS because of the 
friction induced between the tab and the guider pipe. 
It is observed that this velocity difference between 
the VGAS and VTAB result in the cushion to be twisted 
during its deployment.   
Similar trend is also observed in the edge chamber 
concept as shown in figure 6 (b). In case of edge 
chamber concept, the speed of VTAB is expected to be 
increased since the gas initially flow to the edge of 
the panoramic roof airbag cushion. However, still the 
gas velocity VGAS is somehow larger than the tab 
velocity VTAB and therefore the airbag cushion is 
twisted during the deployment. The only difference is 
that the time when the cushion be twisted is delayed 
compare to parallel chamber concept.    
Figure 6 (c) shows the deployment test result of the 
dual step chamber concept. In the figure, it is shown 
that the cushion deploy normally without twisting 
and satisfy the coverage requirement to protect the 
occupants.  Actually, in the dual step chamber 
concept, the gas velocity VGAS should be very similar 
compare to edge chamber concept at initial stage 

since it flows gas to the edge of the airbag cushion 
together with the edge chamber concept. However, as 
mentioned, there exists an gas delaying region at the 
center of the airbag cushion in the dual step chamber 
concept. Therefore, the average of the VGAS should be 
much slower than that of the previous proposed 
concepts and finally the gas velocity VGAS and the tab 
velocity VTAB become almost equal. 

 

 
 

(a) Parallel chamber type 
 

 
 

(b) Edge Chamber Type 
 

 
 

(c) Dual step chamber type 
 

Figure 6. Deployment test result of component 
level 

Among the proposed cushion patterns, the dual step 
chamber pattern was finally chosen since it showed 
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stable and robust deployment performance. The  full 
deployment time of the chosen dual step chamber 
time was 70ms but the full deployment time of the 
airbag which seems to be insufficient to protect the 
occupant at proper time. As previously stated about 
deploymnet time, the airbag should be deployed 
within 60ms. An effort to increase the airbag 
deployment speed was needed for the completeness 
of the product.  Therefore, the design concept of the 
tab was modified. The material of the tab was 
changed as steel material on behalf of previous fabric 
material (See Figure 6). The time for full deployment 
was reduced from 70 to 60 ms when adopting steel 
tab to the developed airbag system. 

 
Deployment characteristic : System level  
Additional tests were performed in order to guarantee 
the robust deployment characteristic in the real-world 
conditions. In general, awning screen is installed 
inside the panoramic sunroof device. It is easily 
expected that the position of the screens could affect 
the deployment characteristics of the panoramic 
sunroof airbag in the real-world rollover situation. 
Therefore, additional deployment tests were 
performed for the rigorous validation of the proposed 
airbag concept.  The tests were performed in real 
vehicle level including all related parts of the 
panoramic sunroof devices.  

 

 
 

Figure 7. Deployment test result of System level 
 

Figure 7 shows the test results. In the Figure 7,  it is 
shown that the airbag deployed stably for both the 
screen-opened/closed conditions. However, time for 
full deployment is slightly increased in the closed 
conition. The tests were also performed in other 
conditions such as half closed condition and for all 

the cases the panoramic sunroof airbag deployed 
properly. 

 
EJECTION MITIGATION TEST RESULT 
 
In this study, the ejection mitigation(EJM) test of the 
panoramic sunroof was evaluated on NHTSA roof 
ejection research which was announced in 2016 
SAE3) and FMVSS No.2266) which the curtain airbag 
is evaluated for the prvention of occupant regarding 
the occupant protection in a rollover accident. As 
shown in Figure 8, the impacted target was selected 
as 2 point by 1 point of the corner area and center 
area, which are expected to have high possibility of 
the ejection. The impactor weight is 18kg, time is 
1.5sec, and the speed is set as 20kph. 
The ejection mitigation evaluation of panoramic 
sunroof proceeded the dual stage chamber type 
cushion which is guaranteed. As shown in Figure 9 
and 10, the corner area was 20% higher than the 
excursion value of the MOBIS standard due to the 
lack of thickness and absence of the support member, 
and the center area  which has an additional hinge 
effect  is 80% higher than the excursion value of the 
corner area. 

  

 
 

Figure 8. EJM test target positions 
 

In this study, in order to solve excessive excursion 
value, the concept of the double cushion structure 
was applied to this issue as shown in Figure 11. The 
upper and lower cushion chamber patterns were 
designed to be orthogonal to each other in order to 
increase the thickness of the cushion and alleviate the 
reduction of the bending according to the hinge. 
As shown in Figure 12, the  evaluation result of the 
improved cushion improved 15% at the corner area 
and 90% at the center area compared with the 
primary evaluation, and it achieved similar 
performance to the curtain airbag of the current mass 
production level. The reason for the lack of 
improvement in the corner area compared with the 
center area is that the cushion thickness is increased 
but the support member with the correlation 
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componets is insufficient. Therefore, the double 
cushion structure added supporting chamber like 
tongue shape. This shape will be supported on 
headlining which area is front vehicle part for the 
reduction excursion value of corner area as shown in 
Figure 13. The verification of this improved cushion 
will be performed within  the first half of this year. 
 

 
 

Figure 9. EJM result of dual step chamber 
cushion type 

 

 
 

Figure 10. Cause analysis about excessive value 
 

 
 

Figure 11. Improved cushion type for EJM 
 

 
 

Figure 12. EJM result of double cushion 
structure type 

 

 
 

Figure 13. Additional improved type about double 
cushion structure for EJM 

 
CONCLUSIONS 
 
In this study, the panoramic roof airbag was 
developed to protect from the occupant ejection to 
the panoramic sunroof, which is highly dangerous in 
the field due to the increase of installation rate. The 
package and performance were developed on the 
basis of the current product of the panoramic sunroof 
module, and the conclusions are as follows. 
 
1) The panoramic sunroof airbag was designed as an 
integrataed mounting module inside the panoramic 
sunroof module, that is deployed from the rear to the 
front along the development wire type guider. 
2) The optimum cushion pattern was selected through 
the deployment test and also evaluated the  worst 
condition that was the screen-closed. Through this, 
the robustness of selected optimum cushion pattern is 
secured.  
3) In order to develop the ejection mitigation 
performance, the double cushion structure type of 
delay cushion type was applied to the optimum 
cushion type to secure the performance of the present 
level of curtain airbag.  
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4) In the future, the study will be performed on an 
improvement of the ejection mitigation performance 
with applying a cushion of the overlap structure to 
the headlining edge of the front.  
5) When the panoramic roof airbag is applied, it is 
necessary to set up the test procedure and the test 
specification standard about the ejection mitigation 
through the study of the occupant ejection from the 
panoramic sunroof. 
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ABSTRACT 
 
An important method for the development of strategies and measures to prevent accidents and mitigate the 
injury severity is the analysis of accident databases. However, the variety of research questions requires 
different kind of information. To assess accident situations, examine trends, or similar analysis, databases at a 
base level such as national statistics are available for many countries. On the other hand, the identification of 
accident and injury causation and the evaluation of countermeasures require a higher level of detail. For this 
reason, several in-depth accident data collection projects emerged worldwide in recent years. Unfortunately, 
due to different standards for data collection and coding comparative analysis of in-depth data from different 
countries is difficult or even impossible. This paper describes the approach taken by the IGLAD (Initiative for 
the Global Harmonization of Accident Data) project to handle these shortcomings by using a common data 
scheme and investigates the opportunities and limitations for weighting and extrapolation to national statistics. 
The methods used to process and merge the different data samples are described and an overview of the 
current status in terms of case counts, marginal distributions and the participating countries from Europe, Asia, 
Australia and North and South America providing data for the project is given. As an application example, the 
IGLAD dataset with accidents from 2007 to 2015 was used to analyze the distributions of accident types, 
presence of safety systems, characteristics of injury severity for each country and provide country 
comparisons. Also capabilities for pre-crash analysis were assessed. As a result, exemplary statistical 
assessment of injury probability, descriptive statistics for comparison between different countries were given 
as a result of the analysis. A pilot study about a more detailed analysis of the pre-crash phase has already been 
conducted which would allow for analysis of the potential benefit of safety systems in different countries. 
The authors discuss limitations, special characteristics and bias of the data samples from the individual 
countries. An outlook is given on the future development of the project, now preparing its fourth data release 
and on further extension of the data. Summarizing, the paper gives an overview of IGLAD as a new field crash 
data set and shows its unique opportunities for road accident analysis in a global scope, which are not provided 
by any other accident data source.
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HISTORY, STATUS AND OUTLOOK 

Since its start in late 2011, the IGLAD project 
(initiative for the global harmonization of accident 
data) has come a long way. The goal of the project is 
to build up a database of so called in-depth accident 
data on an international level. While most of the 
countries worldwide provide basic national statistics 
about the number of road fatalities or injured persons 
on a very high and aggregated level, in-depth data 
provides details about single cases, their 
environment, participants, collisions, injuries and 
safety systems. So far, no data that can be compared 
between different countries worldwide or even is in 
the same data format has existed. The IGLAD project 
took this momentum and strives for a uniform and 
international in-depth accident database, which is 
build up from the bottom on the basis of already 
existing databases. This is accomplished by creating 
a well-defined and simple layer on top of all 
participating databases, which serves as a common 
denominator of them. A more detailed description of 
the technical aspects can be found in [1]. 
 
History 
IGLAD was initiated by Daimler AG, ACEA and 
different research institutes and announced as a 
working group at the FIA Mobility Group in October 
2010. Supported by FIA and ACEA, the goal of the 
group is to define a common standardized accident 
data set as an effective foundation for developing and 
measuring road safety policy endorsements and 
interventions. It shall also establish how this data set 
helps to achieve the goals of the “European Road 
Safety Action Programme” [2] and the „Decade of 
Action for Road Safety“ [3]. 
 
The first IGLAD working group meeting in March 
2012 comprised a more detailed discussion on the 
common data scheme and steps necessary for a 
standardized data set. A common data scheme has 
been drafted and as a proof of concept, a pilot study 
has been conducted where each data supplier 
converted a small set of accidents into the current 
version of the common data scheme data. This should 
show the feasibility of the approach and give a small 
preview of the resulting data set that could be 
provided by the IGLAD project. The nine countries 
taking part in the pilot study were: USA, India, 
Germany, Sweden, France, Spain, Austria, Poland, 
and Italy. 
 

By end of 2012, the basic project setup had been 
accomplished and first technical and organizational 
issues had been solved, so that the first project phase 
could be started. Target of phase 1 was to build an 
initial database with at least 100 cases per country. 
Phase 1 was funded by ACEA and finished in mid of 
2014 resulting in a first dataset of 1550 cases from 10 
different countries. 
 
Phase 2 of the project started in 2014. From now on, 
the project was self-containing with an own project 
structure and funding model. A consortium 
agreement was set up that reflects the different roles 
of all involved parties. As there is no umbrella 
organization for this international project, an 
administrator was established who could care for the 
correct flow of data and financial resources 
(figure 1). A steering group  is responsible for 
strategic decisions and a technical working group 
cares about the mainenance of the database, scheme, 
codebook and related questions. 
 

 
Figure 1.  Organizational structure of the project 
for phase 2 (2014 - 2016). 
 
The interesting part of the organisational structure is 
on the member and data provider side. Members are 
parties that can buy data and data providers deliver 
data. Of course there are parties that are both at the 
same time, there are data providers that are owners of 
their data repository and there are data providers that 
act in the name of another consortium or even only 
recode other data. This leads to different 
constellations in terms of financial compensation. As 
IGLAD is non-profit and for research purpose, 
special attention has to be drawn on fair balance 
between the data providers and members. The 
corresponding funding model is shown in figure 2. 
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Figure 2.  The funding model balances interests 
in the project for phase 2 (2014 - 2016). 
 
Other improvements compared to phase 1 was a 
simplified and unified data processing using the 
software Unidato as a common data acquisition 
tool.This allowed for extended automatic quality 
control using an extensive list of plausibility checks 
and streamlined the process of merging the data. 
There were also improvements in the codebook, the 
quality of sketches and some variables were added. 
The first data of phase 2 was released in 2015 
containing 800 cases from 9 countries. The second 
dataset of phase 2 was released in 2016 with 850 
cases from 9 countries. The third and last dataset of 
phase 2 is currently being prepared and about to be 
released shortly. It will contain 1,000 cases from 10 
countries. This marks the end of the second phase, 
which was finished by the end of the year 2016 
covered by the first conortium agreement. A new 
consortium agreement has been drafted with minor 
changes in the funding model and other parts and it is 
about to be signed by all parties of the consortium, 
ensuring the continuation of the project for another 
three years until 2019. 
 
Status 
The total database as of end of phase 2 includes 3,100 
cases from 11 different countries. The 12 data 
providers that delivered data for it are: VUFO GmbH 
and BASt (Germany), Applus IDIADA Group (Spain 
and Czech Republic), Uni Firenze (Italy), Uni 
Adelaide (Australia), JP Research (India), NHTSA 
(USA), LAB (France), SAFER (Sweden), VSI at 
Graz University of Technology (Austria) and 
SHUFO (China), see also figure 3. CATARC as an 
additional data provider from China has joined the 
project for the third dataset of phase 2. There are also 
two promising data providers planned for the third 
phase of the project. An in-depth data project has 
recently started in Brazil and has already been 
accepted as a new data provider for the first data set 
of phase 3. This opens up access to accident data in 
South America as a new continent for the project. 
Just like SHUFO in China, it is a data spot that 

natively collects IGLAD data right from the 
beginning. Also, Korea as an important country in the 
Asian region is about to join with data from KATRI, 
the Korea Apparel Testing and Research Institute, 
which will also be collected according to the IGLAD 
standard right from the beginning.  
 

 
Figure 3.  Data providers and case counts at end 
of phase 2 with a total of 3100 cases. 
 
Also the number of members is steadily increasing 
and currently accounts for 20 by the end of phase2. 
For current information and contact details see the 
project’s webpage [4]. 
 
Outlook 
A pilot project has been finished in 2015 that 
delivered more detailled information about the pre-
crash phase in IGLAD [5]. The resulting pre-crash 
matrix contains a trajectory and various vehicle 
dynamics values of each participant up to five 
seconds before the first impact. To obtain this, the 
type of information needed for conducting a 
simulation of the accident has been investigated,  
 

 

 
Figure 4.  Simulation of the pre-crash phase. 
 
which in turn generated the pre-crash data. In a next 
step, the subset of the IGLAD data was determined, 
which was ready for a pre-crash simulation. The pilot 
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study concluded with a simulation of these accidents 
and the generation of the pre-crash matrix. This data 
enables a benefit assessement of the performance of 
safety systems, especially assistance systems, in real 
accidents in all countries that are part of the IGLAD 
database. Figure 4 shows the scaled sketch of an 
accident in the IGLAD data. The sketch is one of the 
major sources of information for building the pre-
crash-matrix. Below, a simulation of this accident is 
shown, differing from the original accident in that the 
car is equipped with a virtual assistance system for 
cross traffic situations. An additional benefit of this 
work is the improvement of the reconstruction data 
and the sketches in the IGLAD database. However, 
the integration of the pre-crash phase into IGLAD is 
still work in progress. 
 
Generally, as an improvement for upcoming releases 
of the database it is planned to increase the number of 
countries of the participating data providers and the 
volume of the data, for example adding photographic 
documentation in addition to the sketches of each 
accident. 
 

REPRESENTATIVENESS 

Several types of analysis have been conducted with 
the data so far. One important focus is to check the 
representativeness of the data by comparing it to 
national data of the IGLAD data provider countries. 
Some results are presented here using the IRTAD [6] 
data for generating marginal distributions. IRTAD 
summarizes numbers from national statistics in 
selected countries world-wide and presents them in a 
common format while also trying to compensate for 
national differences, e.g. in the definition of fatalities. 
Fatalities are also the focus of IRTAD, which makes 
the comparison with IGLAD a bit difficult, as only 
few fatalities are contained there, yet. However a first 
analysis showed some interesting results. 
 

 
Figure 5.  Distribution of age groups in different 
countries in IGLAD compared to the 
corresponding national statistics. 

Figures 5 and 6 show a country comparison of some 
grouped variables of the IGLAD data. The blue line 
denotes the percentage of the group within the 
IGLAD data and the red line shows the national 
statistics. If both lines overlap then the IGLAD data 
is likely to be representative with respect to the 
national statistics related to this variable. 
 

 
Figure 6.  Distribution of traffic participation 
groups in different countries in IGLAD compared 
to the corresponding national statistics. 
 
Generally, there is a good correlation between 
IGLAD and the national statistics. Larger deviance is 
observed with passenger cars. However, this is not 
unexpected, as some of the country samples of 
IGLAD are known to be somehow biased. The reason 
is a different selection criteria of some of the original 
data. However, if representativeness is needed, then 
there is always the possibility to weight the results by 
extrapolating variables in IGLAD that are also 
present in the national statistics. The general long-
term target is to improve the IGLAD samples in each 
country with respect to representativeness, quality 
and quantity. 
 

DATA ANALYSIS 

As an example of usage of the data, various 
analysis was conducted with the current IGLAD 
dataset with accidents from 2007 to 2015. 
Especially country comparisons are well suited for 
IGLAD data analysis. In the following charts, the 
country names are abbreviated with the two letter 
ISO 3166-1 codes for country names [7]. The 
analysis is based on 2,900 of the 3,100 accidents of 
IGLAD, the remaining cases were still subject to 
quality checks. 
 
Accident types and safety systems 
As a first example, accident types and safety 
systems were analyzed. The accident type is a very 
common variable also in other in-depth databases. 
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The IGLAD accident type is based on the GDV 
categories [8]. For this analysis, the ego vehicle 
(participant A) of each accident was selected. For 
simplification, it was also grouped into 30 groups, the 
groups are developed by Autoliv based on Najm et al 
[9]. For simplification these groups were then 
grouped into seven more general groups. 
 

 
Figure 7.  Accident type (percent), all vehicles, 
grouped into more general groups. 
 
There are large differences in distribution of accident 
types between countries. The top three countries with 
respect to the accident types are: 
Loss of control: AU (44%), AT (39%), SE (30%) 
Straight: FR (41%), DE (34%), CN (34%) 
Turning: US (19%), CN (17%), IT (15%) 
Crossing: US (29%), AU (24%), CN (23%) 
Lane Change: SP (53%), IN (50%), IT (30%) 
 

 
Figure 8.  Accident type (percent), passenger cars 
and SUVs, grouped into more general groups. 
 
Looking at the distribution of accident types with 
passenger cars and SUVs only, the top three countries 
look quite similar compared to the overall accident 
type distribution: 
Loss of control: AT (46%), AU (39%), SE (34%) 
Straight: CN (35%), DE (35%), SE (25%) 
Turning: US (20%), IT (18%), CN (17%) 
Crossing: US (29%), AU (28%), DE (20%) 
Lange Change: SP (61%), IN (58%), IT (31%) 
 

It can be observed that some countries have typically 
frequent accident types, like “Lange Change” in 
Spain and India covering half of the number of 
accidents. Currently, there are hardly any other 
sources of data that are able to provide this 
information, especially not in a uniform and 
harmonized manner. 
 
For a closer analysis of passive safety systems, only 
the driver of the vehicle was selected.  
 

 
Figure 9.  Belts per driver (percent), both with 
and without pretensioner, in passenger cars or 
SUVs. 
 
Except for France and Italy, nearly all drivers have a 
belt available in the car. Additionally to belt 
equipment, belt usage was analyzed (figure 10). 
 

 
Figure 10.  Belt usage per driver (percent), both 
without and with pretensioner, in passenger cars 
or SUVs. 
 
In most countries belt usage is above 80%, indicating 
good protection of occupants and making increased 
implementation of seat belt reminders not an obvious 
priority. The low belt usage for CN and IN for 
example reflects the values in the WHO report [10] 
with 37% and 26% respectively. 
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Figure 11.  Front driver airbag per driver 
(percent) in passenger cars or SUVs. 
 
In all countries, except IN, IT, SE and US at least 
80% of passenger cars or SUVs are equipped with 
front driver airbags (figure 11). However, in the US 
95% of passenger cars and 91% of light trucks on the 
road in 2012 were reported to have a frontal driver 
airbag [11] and therefore the US number reported in 
IGLAD seems low. 
 
The occurrence of curtain airbags is not as common 
as frontal driver airbags. This is not surprising as this 
type of airbag was introduced to the market later, but 
shows potential to increase protection level. Only in 
AT has above 50% equipment rate in passenger cars 
or SUVs (figure 12). 
 

 
Figure 12.  Curtain airbag per driver (percent) in 
passenger cars or SUVs. 
 
The occurrence of driver side airbags shows that only 
AT and FR have more than 50% equipped passenger 
cars or SUVs. IN, IT and US have no equipped 
passenger cars or SUVs (figure 13). The number of 
close to 20% curtain and 0% side airbag equipment 
for US in figures 12 and 13 seems low since 43% of 
passenger cars and 28% of light trucks on the road in 
2012 were equipped with some type of side airbag 
[11].  

 
Figure 13.  Driver side airbag (head, thorax, 
pelvis) per driver (percent) in passenger cars or 
SUVs. 
 
The existence of ESC for passenger cars and SUV’s 
seems somewhat low (figure 14), but almost not 
present at all in loss of control accidents (figure 15), 
which indicates that the system is effective. In EU 
and US it is mandatory for all new cars and LTVs 
since a few years back to be equipped with ESC [11], 
therefore it seems a bit strange that IT and US does 
not have any passenger cars and SUV’s with ESC, 
unless the accidents in IT and US in the IGLAD 
database involved much older passenger cars and  
 

 
Figure 14.  Active safety system. Percentage of 
ESC per passenger cars and SUVs. 
 
SUV’s. Passenger cars on the road in the US in 2012 
were reported to be equiped at 20% with ESC while 
light trucks were equipped with 22%. 
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Figure 15.  Active safety system. Percentage of 
ESC per passenger cars and SUVs where accident 
type is loss of control. 
 
Pedestrians 
Out of the data set of 2,900 accident cases 375 
(12.9%) cases with impacts against a pedestrian were 
identified. In total 390 pedestrians were recorded in 
the dataset (figure 16). 
129 fatal and 102 severe injured pedestrian accidents 
are in the dataset. In 141 cases only slight injuries 
were recorded. In three cases no injuries to the 
participants are present. 
 

 
Figure 16. Distribution of accidents with at least 
one pedestrian in different countries. 
 
312 (83.2%) accidents were recorded at urban and 63 
(16.8%) at rural sites. 233 (62.1%) out of 375 
pedestrian accidents happened during the day. 53 
(14.1%) accidents in the data set happened at 
darkness lightning conditions and 20 (5.3%) at 
dawn/twilight. At electric light conditions 67 (17.9%) 
accidents are present in the data set. Mainly accidents 
take place at dry road conditions (288 out of 375, 
76.8%). However, 81 (21.6%) of pedestrian accidents 
were recorded at wet road conditions. In 47 accidents 
out of 81 (58.0%) it was still raining.  
 
Pedestrians coming from left are most frequent in 
fatal accidents (38%) having a total share of 31.9%. 

Pedestrians coming from right are most frequent in 
general (36.8%). Interestingly there are less 
pedestrian fatally injured (32.6%). Further accidents 
can be identified in situations in which the pedestrian 
is walking longitudinal (8.3%). Fatally injured in this 
situation counts for 12.4% of the pedestrians.  
 

 
Figure 17. Distribution of accident types 
according to the walking direction of the 
pedestrian. 
 
Most frequent involved participant in pedestrian 
accidents in the dataset was found to be a passenger 
car (78.7%) (figure 18). Further relevant participants 
are vans (6.6%), trucks (incl. bus 5.3%) and SUVs 
(2.8%).  
 

 
Figure 18. Distribution of involved participants 
in pedestrian accidents. 
 
The maximum injury severity is recorded for each 
AIS body region separately i.e. one pedestrian could 
have multiple injuries. The most pronounced injured 
body region in the dataset was identified to be the 
lower extremities (26.3%), the head (21.1%) and the 
upper extremities (18.2%) (figure 19).  
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Figure 19. Injury severity distribution according 
to the body regions. 
 
Looking to the body regions itself the head has the 
highest share of AIS 3+ injuries (23.1%) compared to 
the other body regions (figure 20). 
 

 
Figure 20. AIS 3+ injury severity distribution of 
pedestrians. 
 
The average collision speeds in pedestrian accidents 
were found to be at 34.7 km/h (SD=22.4) and the 
median is at 32.5 km/h. Quite similar to the total 
average collision speed are passenger cars (34.7 
km/h, SD=21.5) and light trucks & vans (34.5 km/h, 
SD= 20.8). The average collision speed of motorized 
two wheelers is above the total average speed and 
amounts to 52.6 km/h (SD=30.4). However, 
collisions with motorcycles are not so frequent in the 
data set. The collision speed for trucks and busses is 
below the total average speed and amounts to 25.2 
km/h (SD=29.2).  

 
Figure 21. Collision speed of motorized vehicles. 
 
Without distinction of the pedestrian age and the 
motion relative to the vehicle a pedestrian walking 
speed of 4-5 km/h (46.2%) is most frequent (figure 
22). A certain number of pedestrians were stationary 
(15.7%).  
 

 
Figure 22. Walking speed of the pedestrians. 
 
Cyclists 
Out of the data set of 2,900 accident cases 234 
(8.1%) cases with impacts against cyclists were 
identified. Further 32 accidents with electric bicycle 
or tricycle are present in the dataset. In total 241 
cyclists and 32 electric bicycle or tricycle are in the 
dataset (figure 23). The electric bicycle are almost 
associated to the CN data provider. One accident was 
associated to AT. Subsequently accidents with 
electric bicycle are not considered in more detail. 
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Figure 23. Distribution of accidents with at least 
one bicycle in different countries. 
 
27 out of the 234 accidents with cyclists ended up in 
fatally injuries. 60 cases are reported with severe and 
146 cases with slight injuries. One accident present 
was reported without injured participants. 
206 (88.0%) accidents were recorded at urban and 28 
(12.0%) at rural sites. 190 (81.2%) out of 234 cyclist 
accidents happened during the day. 27 (11.5%) 
accidents in the data set happened at electric 
lightning conditions and 14 (6.0%) at dawn/twilight. 
Only two accidents were recorded at darkness. 
Mainly accidents take place at dry road conditions 
(206 out of 234, 86.8%). However, 28 (12.0%) of 
cyclist accidents were recorded at wet road 
conditions and three at glare ice/glazed frost.  
 
Collisions with vehicles which turn into or cross a 
road are most frequent, independent of the injury 
severity (figure 24). 
  

 
Figure 24. Distribution of collision types in 
bicycle accidents in different countries. 
 
Most frequent involved participant type in bicycle 
accidents in the dataset was found to be a passenger 
car (78.6%) (figure 25). Further relevant participants 
are vans (5.6%), trucks (incl. bus 4.6%) and 
motorized two wheelers (4.2%).  

 
Figure 25. Distribution of participant types in 
bicycle accidents. 
 
The most pronounced injured body region in the 
dataset was identified to be the lower (30.0%) and 
upper extremities (26.1%) and the head (13.5%) 
(figure 26).  
 

 
Figure 26. Injury severity distribution according 
to the body regions. 
 
Looking to the body regions itself the head has the 
highest share of AIS 3+ injuries (11.6%) compared to 
the other body regions (fig. 27).  
 

 
Figure 27. AIS 3+ injury severity distribution of 
cyclists 
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The average collision speed in accidents with cyclists 
were found to be at 23.3 km/h (SD=21.0) and the 
median is at 18.0 km/h. The average collision speed 
of passenger cars is at 23.3 km/h (SD=21.0) and light 
trucks & vans is at 16.0 km/h (SD=14.0). The 
average collision speed of motorized two wheelers is 
above the total average speed and amounts to 41.2 
km/h (SD=22.2). However, collisions with 
motorcycles are not so frequent in the data set. The 
collision speed for trucks and busses is at 23.0 km/h 
(SD=25.0).  
 

 
Figure 28. Collision speed of motorized vehicles. 
 
Without distinction of the cyclist age and the motion 
relative to the vehicle the driving speed is given in 
Fig. 29.  
 

 
Figure 29. Initial cyclist speed. 
 
Collision type 
The collision type of an accident describes the 
moving direction of the involved vehicles at the 
point of the first collision on the roadway. It is 
distinguished between the following collision 
types within the harmonized IGLAD data scheme: 
1 - collision with another vehicle which starts, 

stops or is stationary  
2 - collision with another vehicle moving ahead or 

waiting  
3 - collision with another vehicle moving laterally 

in the same direction  

4 - collision with another oncoming vehicle  
5 - collision with another vehicle which turns into 

or crosses a road  
6 - collision between vehicle and pedestrian  
7 - collision with an obstacle in the carriageway  
8 - leaving the carriageway to the right  
9 - leaving the carriageway to the left  
88888 - collision of another type 
 
An analysis of the collision types (type 8 and 9 
were treated in common) of the different countries 
for 2,895 of 2,900 accidents with specified 
collision type is shown in figure 30.  
The whole IGLAD database shows particularly 
high percentages for the type “turn into/crossing”. 
More than 30% of all IGLAD accidents happen 
due to a first collision on a junction. Where 
Australia shows 32%, China 50% Germany 39%, 
India 27%, Italy 30% and the United States 48%, 
this spots a very frequent scenario for the majority 
of the included countries. 
  

 

Figure 30.  Collision type per country, all 
vehicles. 
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The second largest group with 17% of all IGLAD 
accidents happen due to “leaving the carriageway”. 
Except in China, Italy and India, it is the 1st or 2nd 
most frequent collision type in all other countries. 
Although being half the proportion of “turn 
into/crossing” accidents, this group is very 
important to address regarding vehicle safety. Due 
to leaving the carriageway, they mostly come 
along with a collision against an obstacle next to 
the road (or a rollover) resulting in serious injuries. 
Safety systems like e.g. the Electronic Stability 
Control (ESC) are able to address some of these 
situations. ESC has a noticeable penetration of the 
market in general by now (see Figure 14), but 
anyhow countries with high penetration (Austria, 
China, Germany, France, Sweden, or Spain) do not 
all show small proportions of collision type 
“leaving the carriageway”. This could be addressed 
and might show some benefit for newer systems. 
Examples are “Lane Departure Warning System” 
or “Lane Keep Assist System”. 
With 16% of all IGLAD accidents the third most 
frequent group is a “collision with another 
oncoming vehicle”. Since overtaking is one of 
most frequent reasons for such collision type, 
newer advanced driver assistance systems and 
Car2Car communication systems can potentially 
address these situations. Especially India and 
Spain show noticeably high proportions. However, 
one has to keep in mind the small sample by now 
(n = 100 for both countries). Nevertheless, this 
collision type often results in very serious injuries 
due to the high relative speed between the two 
vehicles and the corresponding high Delta-v of 
each participant.  
 
Speed difference (Delta-v) distribution 
The Delta-v (Δv) is the vector difference between 
immediate post-crash speed and pre-crash speed of 
a participant. As this parameter correlates well 
with the injury severity, figure 31 shows the Delta-
v proportions per MAIS class (Delta-v was 
grouped to classes of 10 km/h). The MAIS gives 
the maximum of all single values of the 
abbreviated injury scale (AIS) for a body region 
(AIS90 update AIS98) per occupant. The 
analysis is considering 4,313 occupants in cars 
(passenger car, SUV, light truck, van) with known 
Delta-v and known MAIS. The gray bars show the 
proportion of all occupants, yellow of all 
occupants with MAIS = 1, orange MAIS = 2, and 
dark orange all occupants with MAIS greater or 
equal to 3 (also known as MAIS3+). 

Figure 31.  Delta-v (grouped) per MAIS, cars 
only. 
 
The figure shows that the majority of all car 
accidents happen in the area of low Delta-v. Also 
higher proportions of accidents with more severe 
injuries (especially MAIS3+) are located at the 
higher Delta-v area. That was to be expected as the 
Delta-v parameter is known to correlate well with 
the injury severity. Nevertheless, the most severe 
injuries are in the area of high Delta-v and thereby 
there is a big potential for saving lives and 
reducing number and severity of injuries in global 
traffic accidents. This information is hardly 
available for several countries and areas at once 
and in a uniform and harmonized manner outside the 
IGLAD database.  
 

 
Figure 32.  Boxplot of Delta-v per MAIS group, 
cars only. 
 
Moreover, the IGLAD database enables the analysis 
of Delta-v distribution per country. Figure 32 shows a 
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boxplot (also box-and-whisker plot), including 
median, first and third quartiles and the whisker per 
country. Values are displayed in light orange for all 
MAIS = 1 and MAIS = 2 (MAIS 1-2) car occupants 
and in dark orange for all MAIS3+ car occupants. 
Case numbers for all groups are given on the top. 
Countries are sorted ascending by median value for 
MAIS 1-2 occupants. Values for the whole IGLAD 
database are between purple vertical lines. As the 
IGLAD database is existent since mid of 2014 its 
eligible case number is not sufficiently high for all 
countries. Especially all MAIS3+ values must be 
considered carefully. Countries and areas with a less 
modern vehicle fleet that do not include all current 
passive safety systems (see section accident types and 
safety systems) seem to have a lower Delta-v median 
for MAIS3+ injured occupants. This means, 
occupants injuries of MAIS3+ occur at a lower Delta-
v. Corresponding to this, countries with modern 
vehicles like Austria, Germany, Spain or Australia, 
show very high Delta-v median values (e.g. around 
60 km/h for MAIS3+ injured occupants), 
suggesting an effect of the introduction of passive 
safety systems. Nevertheless, it is important to 
assess all statements critically and carefully as 
most data shows large quantiles and whisker due to 
partially small available case number. 

CONCLUSIONS 

Global road safety becomes more important with 
the continuously growing vehicle fleet in the 
emerging markets. While the number of fatalities 
in countries with advanced technology and 
infrastructure is decreasing an opposite trend in 
emerging markets can be observed. The IGLAD 
project addresses this problematic from the 
perspective of the accident researcher where the 
global road accident data needs to be enlarged and 
harmonized. This should increase the capabilities 
to more quickly and efficiently identify measures 
for improvement of global road safety. The project 
has been started successfully, the first two phases 
have been already passed and a database of 3100 
cases from 11 different countries has been built. A 
sustainable organization and funding model has been 
established. The next steps are further improvement 
of volume and quality and increased usage of the 
data. Some data analysis on typical topics for in-
depth databases has been conducted and IGLAD 
has proven to be well suited for these analysis 
targets, especially when it comes to country 
comparisons. Finally, IGLAD continues to be a 

source of in-depth road accident data for different 
groups of researchers that strive for improving 
global road safety. 
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ABSTRACT 

Collisions involving a reversing passenger vehicle 
and a pedestrian or another vulnerable road user on 
public roads are not common in Western countries 
(approx. 10% of reported pedestrian injuries in 
Australia). However, these low-speed crashes are 
particularly injurious events and likely underreported. 
An inter-national analysis of European, US and 
Australian data showed that 7.4% of these reversing 
incidents involved a fatal outcome (for the 
pedestrian) and the majority involved a severe injury 
(fatal or non-fatal). Moreover, they are highly under-
reported as many occur on private roadways and 
pathways. Reversing cameras have the potential to 
save serious injuries and lives.  

INTRODUCTION 

   Collisions between a reversing passenger vehicle 
with a pedestrian or another vulnerable road user are 
particularly injurious events. NHTSA (2006) reported 
that from FARS 1998 data, 183 fatalities occurred in 
backover collisions (when a vehicle reverses into and 
injures or kills a non-occupant such as a pedestrian or 
a bicyclist) on public roads. Austin (2008) further 
argued that these collisions are severely under-
reported. Comparing Not-in-Traffic Surveillance 
(NiTS) data with traffic data, he found that the total 
annual backover injuries in the US was 
approximately 18,000 of which only 22% occurred 
on the road and were reported by the police. 
   In Canada, Glazduri (2005) claimed that there are 
approximately 900 pedestrians struck and injured by 
reversing vehicles each year in Canada (Transport 
Canada 2004) but also noted that this is likely to be 
an underestimate.  
 

Involvement in backover collisions 
   In an earlier study, Fildes, Newstead, Keall and 
Budd (2014) found that pedestrians aged 60 years 
and older were more likely to be involved in a 
backover collision than other ages, based on national 
data from Germany and four Australian states. They 
further found that women were more likely to be at 
risk than men. 
   Hoschopf et al (2016) also reported higher than 
average involvement rates in backover crashes for 
pedestrians aged 65 years and above in collisions 
with a vehicle in a residential driveway. Charness et 
al (2012) found a higher crash risk for those aged 75 
plus in backing collisions in West Central Florida car 
parks that they attributed to their slower reaction to 
hazardous events. 
   There is also worldwide concern that small children 
are at risk of being run-over in their home driveways 
from vehicles being driven by family members that 
are backing out of the driveway and who fail to see 
their infant behind the vehicle (Paine et al, 2003). 
BITRE (2012) reported that seven pedestrians aged 
0–14 were killed each year on average in Australia 
between 2001 and 2010, and 60 were seriously 
injured, due to a collision with a four-wheeled motor 
vehicle at home.  
   In the UK, hospital and emergency department 
records showed there were 202 reported incidents of 
vehicle accidents to children aged 0-4 years in 2002 
ROSPA (2012). From 2001-2012 surveillance 
data, they further noted that of the 24 reported 
deaths to toddlers and young children killed on 
driveways, 60% were from a reversing vehicle. 

Reversing Technologies 
   The number of reversing cameras in new passenger 
cars in Australia has been steadily growing over the 
last several years. The Royal Automobile Club of 
Victoria (RACV) published reports on rear camera 
fitment rates in Australia between 2012 and 2015. 
They noted that camera fitment as standard on new 
passenger vehicles in Australia had increased from 
27% to 44% across that period and that the number of 
vehicles with no reversing technologies (cameras or 
reversing sensors) fell from 45% to 34%. The 
increase in cameras covered all vehicle categories, 
especially in small-medium, medium, large and 
sports vehicles. 
   Peach (2012) claimed that using wing mirrors, 
being more aware of vulnerable road users, improved 
detection of those not in the driver’s field of view, 
and improvements for older and visually restricted 
drivers will reduce the chance of involvement in a 
reversing collision. He claims that most reversing 
cameras use a wide-angle lens, which while not 
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providing a long-distance view will vastly improve 
short range vision.  
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  Unfortunately, though, little quantitative evidence 
was found on just how effective these cameras are at 
reducing crashes, using real-world crash data. 

STUDY AND OBJECTIVES  

   In the light of these findings, this study set out to 
examine the extent of backover collisions using 
several international databases and the potential for 
reversing cameras and other technologies to reduce 
these injurious events. A comprehensive report is 
available in Fildes et al, 2016.  

International Data analysis 
   An analysis was undertaken using national police 
data provided from each of the four regions, namely 
the USA, Germany (DE), United Kingdom (UK), and 
Australia (AUS). Australian data were only available 
for five-states (86%) but were subsequently adjusted 
for the total population. A common analysis strategy 
was adopted to determine the relative incidence and 
associated crash configurations in each region. The 
analyses focussed on data that were provided for all 
these countries.  
   Crash outcomes focused on the size of the problem, 
type of collision, age, and gender of those involved, 
and associated injuries. In-depth data were also 
provided on crashes in UK and DE and an analysis of 
police-reported crash causation factors was also 
available from the UK data. 

Size of the problem 
The average annual number of collisions involving 
pedestrians backed-over is shown in Table 1 below, 
along with the percent this represents of all 
pedestrian collisions for the four countries. 

Table 1: Total number of pedestrian injuries from 
backover collisions compared with all pedestrian injuries 

Country Backover Peds 
annually 

% All 
Pedestrians 

AUS 252 9% 

DE unk unk 

UK 1,940 8% 

USA 3,425 5% 

 
   Equivalent figures were unavailable in Germany as 
only killed and seriously injured pedestrian collision 
data were available. The proportion of backovers to 
all pedestrian collisions was similar in Australia and 
the UK but less in the USA, potentially reflecting 
fewer reported incidences and/or less severe crashes.  
   The findings in Table 2 show that there was a 
strong relationship between the injured 
pedestrian’s age and their backover injury severity: 
for AUS and the US, very young children and 

older people were more often killed and seriously 
injured. This pattern was less clear for the UK, 
although pedestrians aged 60 years and older 
generally had similarly high rates of Killed and 
Serious Injury (KSI) rates across all countries. 

Table 2: Number of pedestrians KSI in backover 
collisions and percent of all pedestrians KSI by age  

and country (2010-12) 

Pedestrian 
age group 

AUS* UK USA 

<5 1 (21%) 10 (17%) 10 (42%) 

5-9 2 (38%) 9 (12%) 4 (14%) 

10-19 8 (43%) 13 (8%) 12 (2%) 

20-29 11 (40%) 14 (6%) 64 (9%) 

30-39 7 (28%) 19 (9%) 49 (14%) 

40-49 3 (16%) 19 (8%) 31 (4%) 

50-59 6 (17%) 27 (13%) 39 (13%) 

60-69 5 (15%) 36 (18%) 54 (21%) 

70 plus 23 (29%) 152 (29%) 75 (24%) 

missing 4 (41%) 5 (11%) 6 (3%) 

*Australian data are from the States South Australia, Victoria, 
New South Wales and Queensland only. 

Table 3: Percent of drivers involved in backover  
collision with KSI pedestrians by age and country  

Driver 
age group 

AUS DE USA USA 

<20 3.8% 2.4% 2.9% 6.4% 

20-29 20.5% 16.2% 19.3% 25.4% 

30-39 19.1% 16.1% 23.9% 10.6% 

40-49 21.7% 23.3% 22.1% 20.7% 

50-59 15.2% 18.5% 14.9% 28.5% 

60-69 11.5% 11.9% 9.4% 5.4% 

70 plus 8.1% 11.7% 7.3% 2.9% 

   The distribution of the age of the driver involved 
in backover collisions shows some consistency 
across the four regions as shown in Table 3.   

Table 4: Proportion of drivers and pedestrians involved 
in back-over collisions by gender and country  

Country 
Driver 
Male 

Driver 
Female 

Ped’n 
Male 

Ped’n 
Female 

AU 65.7% 34.3% 42.8% 57.2% 

DE* 67.9% 32.1% 28.4% 71.6% 

GB 73.7% 26.3% 42.2% 57.8% 

US 78.9% 21.1% 44.6% 55.4% 

*German data are for KSI only 
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   The gender distributions of drivers and 
pedestrians involved in backover collisions in 
Table 4 shows a degree of similarity, with more 
involvement of male drivers and female 
pedestrians.   

Summary 
   The major finding was that the proportions of 
police-reported crashes were quite similar across 
these regions, where 7.4% of these reversing 
incidents involved a fatal outcome (for the 
pedestrian) and more than 90% involved a severe 
injury (fatal or non-fatal).  Forty five percent of the 
pedestrians injured and killed were aged 60 years or 
older and more likely to be female.  
  Table 2 shows that 11 children (0-19 years) were 
fatally or seriously injured per year by backover 
collisions in the four Australian States. These figures 
are especially alarming as they represent a group for 
whom we have a special duty of care. It is probable 
that the backover injuries are substantially under-
represented. As reported earlier by Austin (2008), 
many of these collision types are not reported to the 

police as they commonly occur off-road in plazas, 
driveway and on footpaths. 

CRASH CAUSATION 

In addition to the extent of backover collisions, an 
analysis of the reported causations of these crashes 
and the crash configurations was also carried out to 
add further information on them. This was possible 
using National data provided by the UK and in-
depth data from both the UK and Germany. 

Crash Causation 
The United Kingdom STATS 19 database includes 
the police assessment of what they considered to be 
were the main contributory factors associated with 
their backover crashes, involving an injured 
pedestrian. For each crash, there were up to six 
associated factors coded for each crash, covering 
driver, vehicle, environment, and pedestrian factors 
(in the case of pedestrian crashes).  
 

Table 5: The 20 most common contributory factors coded from backover crashes (UK data, 2010-2012) 

Contributory factor (up to 6 per crash) Frequency Percent 

Driver failed to look properly 3956 25.28 

Pedestrian failed to look properly 2619 16.74 

Pedestrian failed to judge vehicle’s path or speed 1288 8.23 

Vehicle blind spot 1083 6.92 

Driver and/or pedestrian was careless, reckless or in a hurry 1021 6.53 

Poor turn or maneuver 989 6.32 

Pedestrian careless, reckless or in a hurry 491 3.14 

Failed to judge other person’s path or speed 364 2.33 

Pedestrian dangerous action in carriageway  307 1.96 

Pedestrian crossing road masked by stationary or parked vehicle 302 1.93 

Driver loss of control 300 1.92 

Pedestrian impaired by alcohol 275 1.76 

Aggressive driving 271 1.73 

Pedestrian disability or illness, mental or physical 229 1.46 

Stationary or parked vehicle(s) 150 0.96 

Impaired by alcohol 143 0.91 

Nervous, uncertain or panic 143 0.91 

Pedestrian wearing dark clothing at night 140 0.89 

Too close to cyclist, horse rider or pedestrian 120 0.77 

Illegal turn or direction of travel 93 0.59 

 
   Table 5 shows a simple analysis of the 20 most 
common contributory factors allocated to backover 
crashes in the UK between 2010 and 2012. The table 
showed the frequency of occurrence and the 
corresponding percent of all contributory factors 
allocated for these crashes. The most common codes 

assigned by the police for backover collisions were 
“failed to look” for drivers and pedestrians (42%) 
combined. Many others included poor decision 
making and obstructions to a clear view. 
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  To further understand some of the relationships 
between drivers and pedestrian errors in reversing 
collisions, a contingency table analysis was also 
undertaken that further showed that by far the most 
common combination (one-quarter of all 
combinations of pedestrian and driver codes) was 
where neither party were judged not to have looked 
properly, or where the pedestrian failed to judge the 
vehicle’s reversing path or speed. 

Crash Circumstances 
  A second analysis was also undertaken using in-
depth cases of backover collisions investigated in 
Germany (GIDAS) and the UK (RAIDS). Access to 
26 cases were generously made available for this 
analysis, of which 11 cases involved fatal or severe 
injuries. 
   These crashes reflected a range of pedestrian 
movements in motion. As found earlier, many 

involved failures to see on the part of either the 
pedestrian and/or the reversing driver. Some of these 
scenarios showed that the pedestrian not only failed 
to see the vehicle approaching but also misinterpreted 
either the vehicle’s speed or the track it was taking. 
In one of the in-depth cases, the driver’s foot was 
mistakenly placed on the accelerator rather than the 
brake pedal. 
   Of the pedestrians struck by a reversing vehicle in 
Table 6, 58% were aged greater than 65 years while 
24% of the drivers were also aged above 65 years. 
Only one of these collisions involved an adolescent 
and another from a separate source included a young 
child. This suggests that the 11 collision scenarios in 
Figure 1 were reasonably typical of all 26-backover 
collisions and a reasonable set of crash circumstances 
that current and future reversing technologies on 
vehicles need to address. 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 

 

   

Car reversing from a Parking spot with 
pedestrian approaching from behind 

Car attempting to parallel park with a 
pedestrian crossing through the spot 

Car reversing around a corner with a 
pedestrian about to cross the road 

Car reversing around a corner with a 
pedestrian already crossing the road 

Scenario 5 Scenario 6 Scenario 7 Scenario 8 

    

Car backing out of a side street, lane or 
driveway with a pedestrian crossing behind 

Car reversing to leave parking spot as 
pedestrian enters the pedestrian crossing 

Car backing into a laneway as a  
pedestrians crosses the lane 

Car reversing down a narrow street or lane  
with pedestrian walking towards the vehicle 

Scenario 9 Scenario 10 Scenario 11  

 

 

 

 

Car reversing when a pedestrian walks out 
from behind a parked car 

Car reversing out of a parking spot while a 
pedestrian is crossing the road behind 

Car reversing into a driveway with 
pedestrians in the driveway 

 

Figure 1: The 11 most frequent crash scenarios from the total sample of 26 in-depth crashes provided 

Summary 
   The analyses of police and in-depth data on the 
circumstances leading to a backover collision and the 
responsibility assigned to crashes that occurred 
showed that the most frequent combinations of 
causative factors coded by the UK police (one-

quarter of all combinations of pedestrian and driver 
codes) for backover crashes was where neither party 
failed to looked properly and where the pedestrian 
made poor judgements of the vehicles trajectory or 
speed.  
  

L
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  Using in-depth crash data provided by BASt in 
Germany and RAIDS in the UK, 11-common types 
of crash manoeuvers on the road were identified. 
These will be useful for designing new prevention 
technology. There is a need to elaborate codes for 
off-road crashes should these data become available.  

INTERVENTIONS 

There have been various calls for pedestrians to play 
a part in preventing these collisions (for Adults; 
Cassell et al 2010; for school children; DET 2013; 
and for very young children; Kidsafe, 2008). While 
behavioral interventions are clearly important and 
useful, we need to be careful to avoid blaming the 
victim.  
   This study however was more focused on vehicle 
technologies to alleviate the vehicle impacting the 
pedestrian. This approach is also particularly relevant 
in identifying potential solutions to the problem of 
pedestrians of all ages being killed or seriously 
injured in reversing collisions. The in-vehicle 
approach focusses on possible in-vehicle devices to 
alert the driver to the danger or intervene where 
necessary. The following focused on some available 
technologies (in-vehicle or otherwise) as well as the 
need for new policy and mandatory fitment 
requirements. 

Reversing Cameras 
   As noted in the introduction, RACV (2012; 2015) 
published OEM rear camera fitment rates in 
Australian passenger vehicles between 2012 and 
2015. They noted that camera fitment in new vehicles 
had increased from 27% to 44% across that period 
and that the number of vehicles with no reversing 
technologies fell from 45% to 34% 
   Keall et al (2017) analysed Australian real-world 
crash data to determine the effectiveness of reversing 
cameras and reverse parking sensors in preventing 
backover injuries. Compared to vehicles without any 
of these technologies, the likelihood of a backover 
injury was 41% less (95% CI 12% to 61%) with a 
reversing cameras compared to no reversing 
technology. The effectiveness of cameras with 
sensors or sensors alone were not statistically 
reliable. There is a need for these findings to be 
replicated using a larger crash database. 
   Table 6 shows the potential savings in road 
casualties that could arise if the fleets in the three 
countries shown were to move from 0% fitment to 
100% fitment of reversing cameras, applying the 
effectiveness estimate from Keall et al (2017). The 
actual expected safety effect of 100% fitment 
would be less than this for the on-road crash 
injuries that were included in the databases 
available, as a proportion of vehicles already have 

reversing cameras. However, as Austin (2008) 
estimated in the case of the US, counts of on-road 
casualties from backovers substantially 
underestimate backovers in all settings. 

Table 6: Expected annual casualty savings in 
backover collisions for the three country fleets with 
100% reverse camera fitment. 

Country Casualty Savings 

AUS 98 

UK 765 

USA 1,361 

      Thus, the estimated casualty savings shown in 
Table 6 would also likely be underestimates of the 
savings achievable if all passenger vehicles had 
reversing cameras fitted.  

The Need for Mandatory Fitment 
The potential benefits in terms of injuries saved in 
Australia are shown in Table 7 broken down by fatal 
and non-fatal injuries.  

Table 7: Potential benefits in fatal and non-fatal 
casualties in reduced back over collisions:  

police-reported and Inflated values 

Injury 
Severity 

Police-Reported 
Values 

Inflated Values 
(Austin 2008) 

Fatal 1.4 5.7 

Non-fatal 40 180 

Total 41.4 186 

NHTSA (2010) reported the likely cost of fitting 
reversing camera technologies, shown in Table 8. 
While there have been significant costs reductions in 
these technologies since 2010, nevertheless, they 
were the only cost data found to date.  

   On these figures, NHTSA (2010) estimated that the 
costs would exceed the overall benefit by between 
$161 and $224 per vehicle using a 3% discount rate. 
A similar outcome was found in Australia by Fildes, 
Keall, and Newstead (2016). 
   While acknowledging that the monetized costs 
outweighs the monetized benefits, NHTSA pointed 

Table 8: Estimated Installation Costs (NHTSA 2010) 

Application Cost (USD2010) 

Full system installation per vehicle $132 to $142 

Camera-only installation per 
vehicle 

$43 to $45 
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out there are significant other benefits that cannot be 
quantified in monetary terms.    On this basis, the 
U.S. DOT introduced FMVSS 111 to protect children 
and the elderly, where all vehicles under 10,000 
pounds (approx. 4,500 kg) include a reversing camera 
and supporting equipment by May 2018. They noted 
that this could add $40 to $140 to the price of a new 
car. The agency claims that the rear visibility rule 
(FMVSS 111) also affords significant unquantifiable 
benefits in reducing a safety risk that 
disproportionately affects particularly vulnerable 
population groups (such as the elderly and young 
children), and exacts a significant emotional cost on 
relatives and caretakers who inadvertently back over 
their own children. 

IN-VEHICLE TECHNOLOGY 
IMPROVEMENTS 

   Fildes et al (2016) also noted that reversing 
cameras would only be effective if the driver was 
looking at the screen while backing and spotted the 
pedestrian or cyclist. While the benefits noted above 
show that cameras can be an effective means of 
reducing the number of backover crashes, they rely 
on how often drivers pay attention to the technology 
displays while reversing. Thus, it would be possible 
to link the camera with additional sensing technology 
to provide an audible signal to the driver when 
backing and/or apply the brakes in an emergency, to 
enhance their effectiveness. Such software packages 
are available for forward collision sensing that 
interpret the camera image as a sensor of impending 
danger and could possibly be adapted for reversing 
manoeuvres as well. 

Automatic Emergency Braking Rear (AEB Rear)  
   Robert Bosch Australia have developed an 
Automatic Emergency Braking Rear (AEB Rear) 
concept that they have been demonstrating in 
Australia in recent times. The system offers reverse 
collision mitigation or prevention up to 15km/h, 
sensing and automatic active braking, and assistance 
with low speed parking and driveway scenarios. It 
comes with rear sensing technology including radar 
units in both rear corners and ultrasonic bumper 
sensors adopted using tailored ESP functionality. 

  They note that the system can provide full or partial 
active braking, depending on the requirements and 
sensors included. The system controls brake pressure 
build-up at all wheels such as in a Brake Assist 
package with internal sensors to alert the driver to its 
activation, as Electronic Stability Control (ESC) 
does.   The system incorporates Blind Spot Detection 
(BSD) and Cross Traffic Alert (CTA) functions, 

enabling the system to not only sense the presence of 
a stationary pedestrian behind the vehicle, but also a 
moving object such as a child walking or riding a 
bicycle behind the vehicle, and applies the brakes 
automatically.      
 

 
Figure 2: Bosch AEB Rear concept 

   Bosch have conducted several public 
demonstrations of this technology across Australia 
and won the 2014 Mobility Engineering Excellence 
Award by SAE Australasia. It is unclear if any 
current vehicle manufacturers have installed this 
technology in production vehicles but Bosch report 
there has been some interest from the manufacturers. 
Unfortunately, they could not provide any Benefit-
Cost-Analysis figures on this technology. 

Reverse-Alert Technology 

A new Company, “Reverse-Alert”, was recently 
formed in Australia with the objective of also 
developing affordable reversing technology. Their 
system differs from that of the AEB Rear system in 
that they rely entirely on a series of bumper-mounted 
sensors (with full 250deg vision) to sense the 
presence of a pedestrian or a pole and respond 
automatically through autonomous braking functions. 
They have also developed a unit for fitment to 
commercial vehicles such as utilities and small and 
larger trucks. The company report that the system has 
been trialed by a few large companies in Australia, 
predominantly driven by reducing property damage 
crashes. However, Reverse-Alert are particularly 
keen on the use of their technology to reduce back 
over collisions and claim that unique bumper-
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mounted sensors and autonomous braking system is 
sufficient for preventing back over collisions. 

 
Figure 3: The Reverse Alert system 

   They have conducted one or two simple (anecdotal) 
tests to demonstrate the systems use and videos are 
available showing the results. They further explained 
recently, that they are close to having test facilities 
available to conduct further more definitive research. 
If successful, the Reverse-Alert system could be a 
relatively inexpensive in-vehicle technology to 
address back over collisions in this country that could 
be retro-fitted to many vehicles.  
  We understand that Nissan and Mazda fit reversing 
technologies (cameras and bumper-sensors) with 
autonomous braking to help parking in tight 
situations and prevent accidents with children or 
animals. Nissan especially add the caution that the 
reversing technology is meant as a driver’s aid only, 
and may not completely cover all blind-spots, and 
may not detect moving objects. 

Summary 
   If shown to be effective, both these applications are 
autonomous and do not rely on video from rear-
mounted cameras to alert the driver to initiate braking 
in an emergency situation. Assuming they can sense 
the presence of a rearward pedestrian or cyclist while 
backing, they would seem to have considerable scope 
to prevent many critical situations from occurring and 
thus further prevent and/or mitigate fatal, serious, and 
minor injuries to pedestrians of all ages.  

IN CONCLUSION 

   Several important findings were reported in this 
paper. The extent of backover collisions involving 
pedestrians using only police reported crashes was 
roughly consistent across the 4-countries examined 
here where pedestrians aged 60 years and older 
accounted for up to half the number of incidents. 
Child back overs were less prevalent but were 
typically of high severity being of some concern.  

   Reversing camera technology fitted to many 
vehicles in Australia resulted in a 41% reduction of 
back over collisions, compared to vehicles without 
this technology. Mandating the fitment of cameras 
would be expected to reduce fatal, serious, and minor 
injuries by 23% in reversing collisions with 
pedestrians in Australia.  
   Recent developments of new advanced 
technologies that include superior identification 
sensing of pedestrians while reversing and coupled 
with autonomous emergency braking would be 
expected to further improve the benefits beyond what 
would come from just cameras. There were a few 
limitations with the research and it is recommended 
that these be addressed in further research where and 
when possible. 
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ABSTRACT 
 
Research Question/Objective 
As automatic emergency braking systems are 
increasingly penetrating the market and their 
rates of efficiency are improving, initial trends 
show that there will be a reduction in the number 
and severity of accidents in longitudinal traffic 
scenarios. 
The focus in the future will therefore increasingly 
be on side impacts in particular and the 
accompanying high risks of injury observed. 
Modern driver assistance systems address driver 
assistance and measures for avoiding accidents 
and reducing the severity for the driver's vehicle if 
it is involved in an accident with another party. 
However, the one area where assistance systems 
have hardly had any influence so far is side 
impacts. Improving this area can only be achieved 
by extending the protection available in the event 
of an accident. 
 
Methods and Data Sources 
The launch of the new E-Class in 2016 marks the 
first time that Mercedes-Benz has implemented 
an additional side protection system that uses 
modern systems that monitor the surroundings to 
initiate measures for enhanced protection in an 
accident even before a possible collision occurs. 
PRE-SAFE® Impulse Side detects the danger of an 
accident via radar sensors fitted on both sides of 
the car and moves the occupant moderately 
toward the center of the vehicle just before the 
imminent collision by inflating an airbag in the  

 
side seat cushion. The effect of the additional 
distance and the reduced contact speed at the 
time of the actual impact can be observed in all 
side impact configurations. 
In this study, a particularly severe impact 
configuration was tested and analyzed in full-scale 
crash tests. For this purpose, crash tests were 
performed with two vehicles in each case. In the 
tests, the bullet vehicle had an impact speed of 65 
km/h, while the target vehicle had a vehicle speed 
of 50 km/h. The target vehicle was equipped with 
PRE-SAFE® Impulse in one test and did not have 
the preventative protection system in the other 
test. The collision angle of the two vehicles was 
105°. The point of impact of the bullet vehicle in 
the side of the target vehicle was the center of the 
passenger compartment. 

INTRODUCTION 

Due to improved structure, seat belts and airbags 
the safety level of modern vehicles has reached a 
very high standard. Even small cars offer an 
impressive degree of protection.  
Further improvement of occupant protection, 
even implementing modern restraint systems such 
as adaptive airbags and switchable belt force, is 
only possible to a certain extent.   
 
To date, occupant protection systems have only 
been actively deployed after the accident has 
started to transpire.  
The enhancement of sensor technology offers a 
better reliably detect accidents in advance, the 
time window in which restraint systems can offer 
protection increases dramatically. This, in turn, 
leads to great potential for further improvement 
of occupant protection in a passenger car. 
 
In the future Advanced Driver Assistance Systems 
will largely contribute to reduce the number of 
injured occupants by avoiding crashes or 
mitigating their consequences. Growing market 
penetration of ADAS will also lead to an increase 
of the importance of crossroads collisions [3]. 
Indeed potential collision partners are often 
hidden and cannot be properly seen i.e. tracked 
by the car sensors until the collision is 
unavoidable. At least when our own car is 
standing on-board driver assistance systems are 
incapable of minimizing the intensity of the 
accident or avoiding the accident. In that case, the 
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severity of the impact at the side of the vehicle is 
directly linked to the proactive measures 
undertaken by the colliding vehicle partner. 
Nevertheless if restraint systems (passive safety) 
and driver assistance systems (active safety) taken 
individually cannot offers great improvement for 
side crash scenarios, the integral safety approach, 
combining both active and passive safety 
components in one system appears extremely 
promising.  
In this paper a solution will be proposed that 
shows to what extent the pre-accident phase can 
be taken into account to prepare the occupant for 
a side impact.  
 
OPERATIVE MECHANISM 
 
Mechanisms of action in a side impact depend on 
the distance between occupant and vehicle 
structure as well as on the intrusion or contact 
speed of the vehicle structure to the occupant.  
Compared to frontal impact there is less 
absorption way and time to protect the occupant 
in side impacts. There are only limited distance 
between the occupant and the struck side of the 
vehicle as well as short time between the 
beginning of the collision and the moment when 
the occupant is loaded by the impact of the 
door/B-pillar.  
The vehicle's dimensional design usually limits the 
distance between the occupant and the vehicle 
structure. Potentials to reduce the intrusion 
velocity have been primarily achieved through 
structural measures. Present airbags for side 
protection are designed and dimensioned to be 
activated shortly after the beginning of the 
impact. Involving the occupant in the sequence of 
an accident event earlier or even prior to a 
collision has not been considered till now. 
 
PRE-SAFE® IMPULSE 
 
Today, occupant restraint systems are classified as 
reactive systems. The downside of these occupant 
protection systems is that they only take effect 
once the accident has already started. Occupants 
are then decelerated with a considerable time 
delay with respect to the initial collision sequence. 
Energy only begins to be dissipated once the 
occupant has traveled a required distance within a 
specific time as a result of his or her forward 
excursion. In this time window, valuable 

deformation space has already been used to 
decelerate the vehicle but not the occupant.  
The aim of PRE-SAFE® Impulse restraint systems is 
to couple the occupant as early as possible to the 
vehicle deceleration by distributing the total 
impact energy over a minor initial impact and a 
major impact whose intensity is reduced 
accordingly. 
 

 

Figure 1: Comparison of responsive and early 
interacting occupant restraint system [4] 
 

Figure 1 shows a reactive and an early interacting 
restraint system [4]. With an early interacting 
restraint system, the occupant is jolted in a very 
early phase of the accident, when the vehicle 
deceleration has not yet acted on him. The 
occupant perceives this as an acceleration 
impulse. This results in occupant deceleration, the 
occupant is briefly slower than the vehicle in 
which he is seated. The occupant is moved in 
impact direction. The displacement path gained by 
the relative speed can be released again over the 
course of the accident via energy dissipation.  
 
Such a restraint system influences the ride-down 
effect and occupant kinematics and can reduce 
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the occupant load values via the longer 
deceleration period.  
Assuming that the impact is known properly, the 
principle of reactivity can be augmented by 
actively moving the occupant in a defined 
direction. Prior to the impact occupants are not 
yet subjected to impact-specific inertial forces and 
can therefore be moved using little energy 
reaching comparable improvement with a lower 
pre-loading of the occupants (Figure 2)[2]. 
 

 

Figure 2: Active pre-impulse on occupant enable the 
change of velocity over the maximum of time 

 
PRE-SAFE® IMPULSE SIDE 
 
The PRE-SAFE® Impulse Side protection system 
demonstrates how a pre-impacting system could 
work. PRE-SAFE® Impulse Side is the very first of a 
new generation of pre-impacting restraint systems 
whose field of action will be extended prior to the 
collision due to the integration of active and 
passive safety. 
 
Occupant Impact as Operative Mechanism  
 
At a precisely calculated time prior to the side 
impact, the occupant of a vehicle is laterally 
displaced by a movement of the backrest side 
bolster. This small impulse moves the occupant 
toward the center of the vehicle before the 
impact occurs.   
Actively moving the occupant toward the center 
of the vehicle increases the distance between the 
upper body of the occupant and the door panel so 
that the side airbag can be safely and efficiently 
deployed.  
The contact time between intruding structure and 
occupant also occurs later and therefore with 

reduced intrusion speed. In addition, the occupant 
is already moving at a certain speed in the 
direction of the impact. His/her relative velocity 
regarding to the intruding structure is smaller thus 
less kinetic energy has to be dissipated by the 
contact with the restraint system and/or the car 
structure. PRE-SAFE® Impulse Side, like all other 
PRE-SAFE® systems, acts as an additional measure 
that does not replace the conventional restraint 
system, but enhance it. 
 

PRE-SAFE® Impulse Side Actuator 
  
The seat was equipped with a dynamic multi 
contour seat component. There, in the side 
bolster of the driver and passenger seat backrests, 
an air bladder is inserted that can be filled to 
improve lateral support during cornering. 
To generate the impulse on the occupant, this air 
bladder was modified in terms of their size and 
filling characteristics so that they are strong 
enough to initiate the movement of the occupants 
toward the center of the vehicle. This process 
takes place within the seat without any damage 
and can therefore be repeated. The challenge with 
this setup is to create an upholstery concept, 
which on the one hand must allow sufficient 
movement, but on the other hand has to meet 
customer requirements in terms of design and 
comfort. 
 
 

 
 
Figure 3: Occupant interaction due to PRE-SAFE 
Impulse activation 

Sensor Systems 
 
The monitoring of car surroundings using primarily 
radar sensors, but also cameras and ultrasonic 
sensors, has established itself as an enabler for 
assistance systems in modern vehicles.  
Figure 4 depicts the equipment fitted to a 
Mercedes-Benz E-Class that features a 2016 
driving assistance package plus . 
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Figure 4: Sensor equipment of 2016 Mercedes-Benz 
driving assistance package plus  

These sensors as used for driver assistance 
systems could also be used to develop spin-off 
applications that offer protection in an accident. 
Current Mercedes-Benz carlines equipped with a 
driving assistance package utilize targeted 
algorithms to detect an upcoming collision using 
forward-facing sensors and the sensor in the rear 
bumper.  
For this purpose, special algorithms were created 
that analyze the sensor data to detect directly 
"collision objects". Such detection can be realized 
independently of the assistance functions and 
operating status of the vehicle. The overarching 
objective is to detect "objects on a collision 
course", whereby this detection refers to the 
vantage point of the respective sensor. From this 
perspective, a passing vehicle in oncoming traffic 
is just as much an "object on a collision course" as 
a bridge pillar that the appropriate vehicle is 
approaching. Potential collision objects can also 
be detected when the vehicle is stationary. In the 
event of an impending frontal or rear-end 
collision, graduated preventive safety measures 
are activated. These measures are up to now 
always reversible in line with the underlying idea 
of the PRE-SAFE® concept. 
 
Areas of coverage 
 
The relevant space of time for detecting collision 
objects begins nearly half a second before the 
impact. From this time onwards it is possible to 
accurately predict whether the collision is 
unavoidable or not. As a consequence the short 
distance area to the vehicle (typically under 15 
meters) must be covered by the sensor system for 
such functions. To realize the PRE-SAFE® Impulse 
Side function sensors that monitor the side area 
near to the car are needed in order to detect 

objects on a collision course in the car 
environment. Therefore, it is mandatory to define 
areas of coverage that the sensor system has to 
monitor, in order to be able to address relevant 
use cases. In [5] and [6], an analysis of the pre-
crash phase using the “Pre-Crash Matrix” of the 
GIDAS Database had been done, showing the 
rapprochement of collision objects between 400 
and 200 ms prior to side collision. The result of 
this analysis can be seen on figure 5. The area of 
coverage of the radar sensor implemented (blue 
lines) has been overlaid to the rapprochement 
vectors showing that a very large majority of side 
collisions can be detected through the system. 
 
 
 

 
 
Figure 5: Rapprochement of collision objects between 
400 and 200 ms prior to side collision 
 
Sensor Systems 
 
 The relevant areas of coverage for the PRE-SAFE® 
Impulse Side function were not monitored from 
already implemented sensors as one can see on 
Fig.4 (grey areas). As a consequence, 2 new radar 
sensors have been implemented (orange areas on 
fig.4). These sensors filled this gap in the sensor 
coverage achieving a 360° monitoring of the car 
surroundings. 
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CRASH SET-UP 
 
In order to assess the potential of the PRE-
SAFE Impulse Side function, full scale crash tests 
were performed. 

 
 
Figure 6: Side collision set-up  
 
The test set-up is shown on Fig. 6. The bullet 
vehicle (Mercedes-Benz C-Class) had an impact 
speed of 65 km/h, while the target vehicle 
(Mercedes-Benz E-Class) had a vehicle speed of 50 
km/h. The target vehicle was equipped with PRE-
SAFE® Impulse in one test and did not have the 
preventative protection system in the other test. 
The collision angle of the two vehicles was 105°. 
The point of impact of the bullet vehicle in the 
side of the target vehicle was the center of the 
passenger compartment. The E-Class is equipped 
with a 50th percentile World-SID ATD in order to 
assess the loading on the driver. 
The purpose of the tests is to determine the 
potential of PRE-SAFE® Impulse in a real 
accident situation. The chosen situation was a 
severe side impact configuration of the kind 
that can easily occur at a road junction. 
 
 
 
 

 
 
Figure 7: collision position at time frame t=0ms  
 

 
 
Figure 8: collision position at time frame t=90ms 
 
Fig. 7 shows the impact configuration at time 
t=0 ms, while Fig. 8 shows the same at time 
t=90ms at the start of the phase of separation 
of the bullet vehicle. The two vehicles impact 
each other approximately at right angles, the 
bullet vehicle directly in the A- to C-pillar 
region during the energy transfer process.  
 
KINEMATIC ANALYSIS 
 
To begin with, the analysis of the measured 
data is to be preceded by an analysis of the 
occupant kinematics. Fig. 9 and 10 both 
present the occupant situation of the driver at 
the start of the impact situation at time t=0ms. 
It can be clearly seen that, in Fig. 9, the 
dummy was pushed around 30-35 mm toward 
the center of the vehicle. Especially in the 
upper thoracic region, the distance between 
the dummy and the door pannel has increased 
by this amount. This effect has the greatest 
impact on the upper region of the dummy, 
because this region is propelled about the 
fulcrum of the hips. Moreover, at the time of 
the start of the collision, the dummy is still 
moving inward, with the result that the change 
of velocity through the collision impact is 
lower than in the test without the PRE-SAFE® 
Impulse system. 
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Figure 9: Dummyposition @ 0ms with PRE-SAFE® 
Impuls 
 

 
 
Figure 10: Dummyposition @ 0ms without PRE-
SAFE® Impuls 
 
Fig. 11 and 12 show the dummy position and 
airbag deployment at t=16ms. Despite an identical 
ignition time, a more favorable side airbag 
deployment can be seen in the test with PRE-
SAFE® Impulse on account of the improved spatial 
conditions. This effect is all the more pronounced, 
the more the situation immediately before the 
collision leads to a dynamic displacement of the 
occupants due to a corresponding change of 
direction or evasive maneuver. 

 
 
Figure 11: Dummyposition @ 16ms with PRE-SAFE® 
Impuls 
 

 
 
Figure 12: Dummyposition @ 16ms without PRE-
SAFE® Impuls 
 
Fig. 13 and 14 both show the dummy position at 
t=30 ms. At the start of the absorption phase, 
there is likewise a discernible kinematic advantage 
in the test with PRE-SAFE® Impulse. Both upper 
torso and head are at a greater distance from the 
intruding door. In Fig. 13, especially the center 
axis of the body is less inclined at the same time in 
the test with PRE-SAFE® Impulse. 
 

With PRE-SAFE® Impuls 

Without PRE-SAFE® Impuls Without PRE-SAFE® Impuls 

With PRE-SAFE® Impuls 
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Figure 13: Dummyposition @ 30ms with PRE-SAFE® 
Impuls 
 

 
 
Figure 14: Dummyposition @ 30ms without PRE-
SAFE® Impuls 
 
Fig. 15 and 16 show the occupant positions at 
t=67 ms at the end of the energy conversion 
phase. It can be seen that, in the test with PRE-
SAFE® Impulse in Fig. 15, the impact on the 
shoulder rib is less pronounced than in Fig. 16, the 
test without PRE-SAFE® Impulse, as will be later 
apparent also in the measured data. 
 
 

Overall, there is evidence of a more favorable 
kinematic configuration on the side away from the 
impact. Especially in driving situations that 
precede the crash, e.g. due to evasive driving 
maneuvers, driver and/or front passenger are 
exposed to these driving dynamics. This can lead 
to situations in which the body of the driver or 
front passenger is in contact with the side door 
panel and the thorax airbag has a constrained 
deployment space. In such a situation, PRE-SAFE® 
Impulse can increase the distance between thorax 
and side door panel, thereby opening the 
deployment space of the thorax airbag. 
 

 
 
Figure 15: Dummyposition @ 67ms with PRE-SAFE® 
Impuls 
 

 
 
Figure 16: Dummyposition @ 67ms without PRE-
SAFE® Impuls 
 
 
 
 
 
 
 
 
 

With PRE-SAFE® Impuls 

Without PRE-SAFE® Impuls 

Without PRE-SAFE® Impuls 

With PRE-SAFE® Impuls 
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ASSESSMENT SYSTEM PERFORMANCE 
 
As already discussed in the kinematic analysis, the 
potential of PRE-SAFE® Impulse is discernible 
especially in the upper thoracic region. In this 
impact configuration, the shoulder region is 
especially at risk and can be better protected by a 
precisely timed Impulse. 
 
Fig. 17 to 21 show the relevant loading 
measurements from the crash test dummy in a 
comparison of the two tests. The scaling of the 
measured data was normalized to 100% in the 
baseline test, i.e. without the PRE-SAFE® Impulse 
system (red dotted curves). In contrast, the 
measured value from the test with PRE-SAFE® 
Impulse was plotted as a percentage (black 
curves). 
 

 
 
Figure 17: Measurement of the shoulder deflection 
 
Fig. 17 shows that the deflection of the shoulder 
rib is only 55% in relation to the measured value 
from the baseline test. Moreover, a significantly 
earlier unloading of the shoulder rib is discernible. 
 

 
 
Figure 18: Measurement of the shoulder force 

The same potential is visible in the measured 
value of the shoulder force in Fig. 18. The 
measured value in this case is only 77% in relation 
to the baseline test. In current ratings and legal 
regulations, the shoulder force in particular 
represents a key hurdle for meeting the targets. 
This is where PRE-SAFE® Impulse can bring about 
an improvement in tests and in real accidents. 
Fig. 19 shows the improvement of the upper 
thoracic rib in relation to the baseline test. A 20% 
improvement is identifiable. 
As already mentioned, the improvement reduces, 
the nearer the measurement is to the hips, the 
fulcrum of the PRE-CRASH displacement. 
 

 
 
Figure 19: Measurement of the upper rib deflection 
 
In the region of the middle thoracic rib in Fig. 20, 
an improvement is no longer discernible. 
However, the test with PRE-SAFE® Impulse shows 
an earlier start of absorption than the baseline 
test. This is due to the inflated seat side bolster, 
which interacts with the side airbag in the 
absorption phase. 

 
 
Figure 20: Measurement of the middle rib deflection 
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Fig. 21 shows the lower value of the thoracic rib. 
There is no identifiable improvement in this case. 
The proximity to the fulcrum of the PRE-CRASH 
displacement did not lead to a change of location 
or velocity of the lower thoracic region. 
 

 
 
Figure 21: Measurement of the lower rib deflection 
 
 
CONCLUSIONS 
 
In medium to severe side impact configurations, 
PRE-SAFE® Impulse can, through preventive 
displacement of the occupant toward the center 
of the vehicle, significantly reduce the forces to 
which the occupant is subjected. The maximum 
measured potential is 45% deflection and 23% of 
the force. The additional absorption space as well 
as the relative displacement toward the vehicle 
center represent the physical basis for improving 
the kinematics and the therefrom resulting 
measured data. 
 
Mainly the upper thoracic regions are affected. 
The initiated kinematics causes the occupant to be 
tilted about the fulcrum of the hips toward the 
center of the vehicle. 
This guarantees the safe and timely deployment of 
the airbag. 
 
In situations with prior driving dynamics, the 
occupant can constrain the airbag, in which case 
PRE-SAFE® Impulse, by displacing the occupant 
prior to airbag ignition, can contribute to 
improving the situation. 
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ABSTRACT 
Calculation of benefit-cost-ratios (BCRs) is a 
commonly used methodology by governments in 
determining the need for future regulation. This study 
was undertaken as part of the European 
Commission’s field trial TeleFOT program provided 
new findings on the likely benefit-cost safety and 
environmental outcomes for satellite navigation 
(SatNav) and (EcoDrive) technologies in Europe. 
The findings showed that for a range of scenarios, the 
best benefit-cost-ratio for SatNav was markedly 
above its economic cost (BCR>1). While a BCR for 
EcoDrive could not be calculated because of missing 
data, the fitment rates required to achieve a break-
even outcome were quite achievable. The figures for 
the worst scenario outcomes were less impressive, 
generally failing to achieve break-even (BCRs less 
than one) or required higher fitment rates. BCRs for 
both technologies combined showed ratios between 
3.16 and 2.78, assuming a 5% EcoDrive fitment rate. 
 
INTRODUCTION 

   A major European Commission’s Field Operational 
Trials research program (TeleFOT project) set out to  
assess the likely crash and environment benefits for a 
range of add-on technologies (devices used by 
drivers within their vehicle that come with their own 
mounting cradles). Two of these, the after-market 
Satellite Navigation devices (SatNav) and fuel and 
gas monitirs (EcoDriving) were of special interest. 
SatNav devices are becoming increasingly popular 
among all drivers; useful for finding a location in an 
unfamiliar area for all drivers. EcoDriving 
technology was shown to improve driver 
performance from increased vehicle efficiencies in 

fuel economy and reductions in CO2 emmissions in 
the TeleFOT trials.  

   The performance results of both these technologies 
were subjected to a benefit-cost-analysis (BCA) to 
show their likely benefits-to-cost ratios (BCRs) to 
identify the need for future regulatory action by 
governments. BCA is commonly used by 
governments and industries to show the likely safety 
and environmental reductions for new technologies 
in vehicles and is a necessary and important process 
in determining the need to introduce and mandate 
new technologies in today’s vehicles. 

 
 Figure 1: Satellite Navigation (SatNav) 

 
EcoDrive Technology 

 

METHOD  

   TeleFOT (Field Operational Tests of Aftermarket 
and Nomadic Devices in Vehicles) project was a 
large scale collaborative project under the Seventh 
Framework Programme of the European Commission 
that run from 2008 to 2012. The project collect 
vehicle and driver on-road driving performance data 
comprising 100 man-years of travel data over 48 
months, involving 3,000 drivers in seven European 
countries.  
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   From these data, assessments were made of the 
likely benefits of these two technologies, based on 
vehicle and mileage fleets, fitment rates of these 
devices, average distances used with these devices 
active, impact on distance travelled, and reductions in 
emissions. For both technologies, the BCRs were 
constrained to only passenger vehicles. 

   A number of assumptions based on field 
observations and published data were made in this 
analysis across all European countries for all 
passenger car vehicles. They included expected 
European annual mileage, SatNav usage rates, eco 
driving exposure, average trip length (km) saved per 
trip, costs per Km, CO2 emission reductions, 
ecodrive fuel savings, monetary discount rates. 

Equipment costs were computed from a range of 
commercially available technologies, assuming a 
driver’s likely willingness to pay for these devices. 

RESULTS  

   BCRs were only computed for SatNav as fitment 
rates could not be estimated for EcoDrive.  In 
computing the potential BCRs for these two devices, 
the results were expressed in two ways; the best 
achievable outcome (BEST or most ambitious 
benefits) and the least or worst achievable outcome 
(WORST or minimal benefits), based on variations 
of the assumptions. Benefits for EcoDrive were 
expressed as the fitment rate required for break-even 
cost. The economic cost of SatNav was calculated to 
be €112.00 (A$174).  

Table 1: BCRs for SatNav, and fitment Rates for EcoDrive to achieve break by discount rate 

Discount Rates** 
Satellite Navigation (SatNav) EcoDrive* 

Best Case Worst Case Best Case Worst Case 

3% discount 2.5 0.5 11.8% 23.7% 

5% discount 2.34 0.47 12.6% 25.2% 

7% discount 2.15 0.44 13.4% 26.9% 

*Fitment rates were unknown for Eco Driving but figures show what a fitment rate for breakeven BCR would need be for 
EcoDrive 
**Discount rates assume future money is valued less than current due to inflationary effects.  
   These figures show a Best Case BCR for SatNav of 
between 2.5 and 2.15 depending on what discount 
rate is adopted. A best case break-even rate for 
EcoDrive where benefit=cost would require a fitment 
rate for the technology of between 11.8% and 13.4%. 
If both technologies were combined, a best case BCR 
would be between 3.16 and 2.78, assuming a modest 
5% fitment rate for EcoDrive, as shown in Table 2. 

 

Table 2: BEST and WORST Scenarios for 
SatNav and EcoDrive combined 

Estimated 
Outcome 

Best Case Worst Case 

3% discount 3.16 0.73 

5% discount 2.97 0.68 

7% discount 2.78 0.64 

Combined Benefit-Cost-Rates assume a 5% fitment rate 
and a 10% fuel saving for EcoDrive 

 

 

 

DISCUSSION & CONCLUSIONS 

   This study undertaken as part of the TeleFOT 
project provided new findings on the potential cost 
effectiveness for SatNav and EcoDrive in Europe, 
used both independently and in combination. At best, 
SatNav showed a BCR greater than 2:1 
(Benefit:Cost). While fitment rates could not be 
estimated from the data provided, anything greater 
that a 12% rate would be cost-beneficial for 
EcoDrive. Assuming a modest 5% fitment rate for 
EcoDrive, combinations of these two technologies at 
best would have a BCR around 3:1. The figures for 
the worst outcome were less impressive and 
generally failed to break-even (BCR less than one).  

   A number of additional indirect benefits were also 
identified that, if costed, would show even greater 
benefits than claimed here. Moreover, it is expected 
that if the fitment rates for these technologies were to 
increase, or the costs were to reduce with increases in 
their use, the likely BCRs would also substantially 
improve. While this study focussed only on 
passenger vehicles, given their greater use in buses 
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and commercial heavy goods vehicles, these BCRs 
are likely to be quite conservative.  
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ABSTRACT 
 
PROSPECT (Proactive Safety for Pedestrians and Cyclists) is a collaborative research project involving most of the 
relevant partners from the automotive industry (including important active safety vehicle manufacturers and tier-1 
suppliers) as well as academia and independent test labs, funded by the European Commission in the Horizon 2020 
research program.  
PROSPECT's primary goal is the development of novel active safety functions, to be finally demonstrated to the 
public in three prototype vehicles. A sound benefit assessment of the prototype vehicle's functionality requires a 
broad testing methodology which goes beyond what has currently been used. 
Since PROSPECT functions are developed to prevent accidents in intersections, a key aspect of the test 
methodology is the reproduction of natural driving styles on the test track with driving robots. 
For this task, data from a real driving study with subjects in a suburb of Munich, Germany was used. Further data 
from Barcelona will be available soon. 
The data suggests that intersection crossing can be broken down into five phases, two phases with straight 
deceleration / acceleration, one phase with constant radius and speed turning, and two phases where the bend is 
imitated or ended. In these latter phases, drivers mostly combine lateral and longitudinal accelerations and drive 
what is called a clothoid, a curve with curvature proportional to distance travelled, in order to change lateral 
acceleration smoothly rather than abrupt. The data suggests that the main parameter of the clothoid, the ratio 
distance travelled to curvature, is mostly constant during the intersections. 
This parameter together with decelerations and speeds allows the generation of synthetic robot program files for a 
reproduction of natural driving styles using robots, allowing a much greater reproducibility than what is possible 
with human test drivers. First tests show that in principle it is possible to use the driving robots for vehicle control in 
that manner; a challenge currently is the control performance of the robot system in terms of speed control, but it is 
anticipated that this problem will be solved soon. 
Further elements of the PROSPECT test methodology are a standard intersection marking to be implemented on the 
test track which allows the efficient testing of all PROSPECT test cases, standard mobile and light obstruction 
elements for quick reproduction of obstructions of view, and a concept for tests in realistic surroundings. 
First tests using the PROSPECT test methodology will be conducted over the summer 2017, and final tests of the 
prototype vehicles developed within PROSPECT will be conducted in early 2018. 
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INTRODUCTION 

PROSPECT (Proactive Safety for Pedestrians and 
Cyclists) is a collaborative research project involving 
most of the relevant partners from the automotive 
industry (including important active safety vehicle 
manufacturers and tier-1 suppliers) as well as 
academia and independent test labs, funded by the 
European Commission in the Horizon 2020 research 
program.  
PROSPECT's starting point is a better understanding 
of relevant Vulnerable Road User (VRU) accident 
scenarios (combining multiple European accident 
studies with urban naturalistic observations). 
Improved VRU sensing and situational analysis 
(enlarged sensor coverage; earlier and more robust 
detection; sophisticated path prediction and intent 
recognition) will allow the developed functions and 
systems to act early and safe more vulnerable road 
users. Advanced HMI and especially vehicle control 
strategies (combined vehicle steering and braking for 
collision avoidance) will extend the benefit even 
further to those accident configurations where the 
reaction time is still short. The functions will be 
shown in three vehicle demonstrators. 
 
In order to appropriately assess the performance of 
PROSPECT functions, extensive testing is needed. 
The vehicle tests will make use of novel realistic 
VRU dummy specimen, mounted on fully self-
drivable platforms. Tests with those tools will be 
carried out on test tracks, but PROSPECT will also 
partially leave the clean test track to show the 
function's benefit with tests in realistic surroundings. 
Focus of this paper is the path from specification of 
use cases to an appropriate test methodology. Since 
the PROSPECT functions are designed to work not 
only during straight driving (like most of today's 
active safety functions), but also in intersection 
situations, specifically realistic (human-like) driving 
behavior in the demonstrator vehicles is important. 
This should preferably be derived from naturalistic 
driving studies to mimic a human driving style as 
close as possible, even if driving robots are used. 
 
The paper will on the one hand describe the basic 
objectives of the EU funded project PROSPECT in 
terms of deriving test cases, being close to real world 
traffic surroundings, for VRU active safety systems. 
On the other hand special emphasis is laid on the 
correct determination of realistic turning maneuvers 
of the vehicle under test at intersection situations, 
specifically for bicycle scenarios.  
 

A general overview over the PROSPECT project can 
be found in paper 17-0193. More information on the 
derivation of use cases from accident data can be 
found in ESV paper 17-0396 and in the appropriate 
PROSPECT deliverables ([1], [2]). 

DEMONSTRATOR VEHICLES AND 
FUNCTIONS 

There are three vehicles in development [3]: 
Demonstrator car I is able to quickly detect and 
classify vulnerable road users from -90° to 90° with 
respect to the vehicle center line with three RADAR 
sensors, additionally detect the lane markings with a 
lane camera. There are actuators for the steering and 
the brake. Especially the brake actuator can increase 
brake force much quicker than current production 
brake systems (approximately 150 ms from start of 
braking to fully cycling ABS). 
 
Demonstrator car II is equipped with a high-
resolution, high field-of-view stereo camera system 
(total angle coverage of 75°) and an additional short 
range RADAR sensor. In the near range (longitudinal 
distance up to ~ 30 m) a more detailed analysis of the 
VRUs will be executed. Accurate 
background/foreground segmentation helps to extract 
intention-related attributes like head and body pose. 
Based on this more detailed information intention 
recognition can be performed. The correct estimation 
of VRU’s intention helps to increase the possible 
prediction time horizon, allowing much earlier 
warnings and interventions without increasing the 
false-positive rate. 
 
Demonstrator car III will focus on high resolution 
RADAR sensors with a coverage of the regions in the 
front, rear and at least at one side of the vehicle: 
especially accidents with crossing or rewards 
approaching, quick bicycles in combination with a 
relatively slow or stopped car require a sufficient 
large field-of-view zone for a sound detection and 
appropriate vehicle action (e.g. for a stopped car in a 
parking lot and an approaching cyclist from the rear a 
warning or even the blocking of the door is needed to 
avoid an accident) . 
 
All vehicles are able to automatically steer and / or 
brake to avoid accidents. 
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GENERAL TEST METHODOLOGY 

For details on PROSPECT's test methodology see 
[4]. 
PROSPECT focuses on functions that avoid 
collisions with other traffic participants, so at least 
one other traffic participant will be part of the test as 
well. Active safety functions might or might not be 
able to avoid a collision, so the “other” traffic 
participant will need to be an impactable dummy, a 
surrogate either for a bicycle or a pedestrian. Both 
objects (Vehicle-Under-Test (VUT) and possible 
impact partner) will initially be moved on a 
predefined track and with predefined speeds so that a 
critical situation develops. Active safety functions in 
the VUT might intervene and avoid the collision.  
It could in principle be possible that the collision 
partner (bicycle or pedestrian) reacts towards the 
active safety intervention in the VUT, but such a 
complex reaction with the required assumptions goes 
beyond the scope of the project. 
Additional objects such as static or moving vehicles 
obscuring the pedestrian or bicycle dummy initially 
might be added to the test scene, depending on the 
use case to be tested. 
Performance criteria in active safety tests are: 
• Speed reduction, in case the active safety 

function reduces the speed of the VUT. 
• Warning timing, given in the variable Time-To-

Collision (TTC), for those systems and functions 
that depend on driver intervention to avoid the 
accident. 

• A combination of speed reduction or accident 
avoidance with warning timing, for combined 
systems. 

In current active safety tests, the VUT speed (up to 
the time of automatic brake intervention) during a 
maneuver and also the speed of the opponent are held 
constant. Since PROSPECT goes beyond that in test 
cases where the VUT turns, this is not sufficient. In 
nearly all turning scenarios, it is anticipated that the 
VUT will slow down while negotiating the turn and 
might accelerate again afterwards. At least the 
movement of the bicycle or pedestrian will be 
constant since there are no test cases where the 
opponent turns. 
A reproducible movement of the VUT is achieved by 
using driving robots that are able to follow a path 
with a lateral tolerance as low as 5 centimeter. The 
opponent (bicycle or pedestrian) on the other hand is 
controlled completely with a time-synchronized 
propulsion system. 

Use cases as detailed description of 
representative accident situations 

PROSPECT functions are defined to avoid or 
mitigate bicycle and pedestrian accidents. The use 
cases for these functions therefore are representative 
descriptions of accident scenarios: Use case 
definitions contain a geometric description of a scene 
(including road geometry, but also lane, obstructions, 

  

  

  

  

  

  
Figure 1: Overview over bicycle intersection test 
cases 
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traffic signs), generic behavior and speeds of the 
accident participants, and also traffic rules, if 
possible. An overview over the use case is presented 
in Figure 1. 
All use cases were derived from detailed accident 
data by classification of individual accident 
characteristics (see paper 17-0396 for more details): 
They are a condensed form of important 
characteristics observed in a larger set of accidents. 
While a total number of 64 use cases had been 
defined in the project (for bicycles and pedestrians), a 
total of 16 bicycle use cases makes up the 20 most 
relevant use cases out of the 64 (by fatalities as well 
as by seriously injured persons): 12 on intersections 
and 4 in straight driving scenarios. 

Test cases 

Test cases are more detailed than the defined use 
cases - they are a description of how to reproduce a 
specific use case on the test track. 
The various test cases are summarized in Table 1, 
with an ID string (nomenclature: CBIP, Car-Bicycle-
Intersection-Priority for the Car, CBIG, Car-Bicycle-
Intersection-Green Light, CBIN Car-Bicycle-
Intersection-Non-Priority). The road type, from 
which the VUT or the VRU is arriving, is indicated 
by the variable VUT Track or VRU Track, 
respectively (large road: priority, small road: non-
priority). The remaining variables specify the 
behavior class (i.e. turning left), and the speeds for 
the VTU and VRU (given in km/h). Speed ranges and 
behaviors have been selected according to what has 
been found within the use case generation. 

Test tools 

The vehicle should be instrumented with driving 
robots and an accurate position measurement tool to 
maintain a good reproducibility, see Figure 2 and 
Figure 3 for examples. The use of driving robots is 
standard in active safety tests. 
The vehicle's instrumentation should be able to 
measure the following quantities with the typically 
required accuracies: 
• VUT and VRU speed to 0.1 km/h 

• VUT and VRU lateral and longitudinal position to 

0.03 m 

• VUT and VRU yaw rate to 0.1 °/s or yaw 

acceleration to 0.1 °/s² 

• VUT and VRU longitudinal acceleration to 

0.1 m/s² 

• VUT Steering wheel velocity to 1.0 °/s 

• Sampling rate of 0.01 s 

 
Driving robots would then allow the following 
reproducibilities: 
• Speed of VUT: desired speed + 1.0 (and - 0) 

km/h 

• Speed of VRU: desired speed ± 0.2 km/h 

• Lateral and longitudinal distance of VUT and 

VRU to desired position 0 ± 0.05 m 

• Synchronization of VUT and VRU within 0.02 s 

(preferably use UTC time for both). 

 
Figure 2: Control equipment  
 

Table 1: Excerpt of Test cases, Intersection 
Bicycle Test Cases 

ID 
VUT 

Track 

VUT Speed 
profi le 
(km/h) 

VRU 
Track 

VRU 
Speed 
(km/h) 

Signs / 
Clutter Other 

CBIP 01 
Large 
road 

Turning Left 
(30-60) 

Large road 
(opposite 

VRU) 
20 

Priority signs 
on large 

road 
- 

CBIP 02 
Large 
road 

Constant 
(30-50) 

Small road 
(f rom 
right) 

10 

Priority on 
large road, 

yield on 
small road 

Small road 
obscured 

CBIP 03 
Large 
road 

Constant 
(40-60) 

Small road 
(from left) 

15 

Priority on 
large road, 

yield on 
small road 

Small road 
obscured 

CBIG 
Large 
road 

Turning right 
(10-30) 

Large road 
(same 
VRU) 
(being 

overtaken) 

15 
Green t raffic 

lights on 
large road 

- 

CBIN 01 
Small 
road 

Slight 
deceleration 

(15-30) 

Large road 
(from left) 20 

Priority on 
large road, 

yield on 
small road 

- 

CBIN 02 
Small 
road 

Slight 
deceleration 

(20-40) 

Large road 
(f rom 
right) 

15 
No signs or 
priority from 

right  
- 

CBIN 03 Small 
road 

Slight 
deceleration 

(10-30) 

Large road 
(f rom 
right) 

20 

Priority on 
large road, 

yield on 
small road 

- 

CBIN 04 Small 
road 

Tight turn 
right  (10-25) 

Large road 
(from left ) 
on bicycle 

lane 

20 

Priority on 
large road, 

yield on 
small road 

Bicycle 
lanes on 

large road 

CBIN 05 
Small 
road 

Tight turn 
right  (10-25) 

Large road 
(f rom 

right) on 
bicycle 

lane 

15 

Priority on 
large road, 

yield on 
small road 

Bicycle 
lanes on 

large road 

CBIN 06 
Small 
road 

Tight turn 
left (10-25) 

Large road 
(from left) 20 

Priority on 
large road, 

yield on 
small road 

- 

CBIN 07 Small 
road 

Tight turn 
right  (10-30) 

Large road 
(from left) 

20 

Priority on 
large road, 

yield on 
small road 

- 
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Figure 3: Measurement equipment 

Obstruction of View 

In various accidents that had been analyzed for the 
use case definition, the VRU (bicycle or pedestrian) 
was hidden to the VUT for a significant amount of 
time. To reflect this, some test cases are defined with 
an obstruction that initially hides the pedestrian or the 
bicycle to the VUT, and it will be necessary to have 
an appropriate obstruction tool for these test cases. 
Besides a visual obstruction for the VRU, the 
obstruction should also represent a concrete wall or 
edge of a building for radar sensors; especially it 
should not look like a parked vehicle, since most 
obstructions of sight in the accident data were 
actually solid structures. The obstruction should be 
easy to move for efficient testing of different test 
scenarios. The solution for this is a modular wall 
made of panels with wood, aluminum and supporting 
structure with small rollers underneath. Depending on 
the test scenario, several of these panels would be 
combined together. 
The concept is shown in Figure 4. 
The panels will be made of a sandwich structure with 
a solid wooden plate to carry the structure followed 
by a curtain of rotatable aluminum elements 
(lamellae) in a wooden housing with total dimensions 
of 200 x 200 x 21 cm (see Figure 4). The complete 
structure stands on four small spherical rollers to 
allow an easy manual maneuvering on the test ground 
and has a foldable pillar to fix it on the ground with 
weights. The turnable lamellae can be adjusted in the 
vertical axis to reflect most of the radar signal away 
from the VUT to the side. Together with the wooden 
plate (and some absorption foam if necessary) a 
comparable radar cross section of a real concrete wall 
or building obscuring a VRU should be realizable. 
For visual sensors like cameras the outer wooden 
plate could be covered with an image fitting to the 
tested scenery. 
 

 
Figure 4: Principle structure of the mobile 
obstruction panel for the VRU in PROSPECT 
 
The obstruction object will be designed with 
assistance from and validated by RADAR experts 
from PROSPECT (e.g. Bosch, Continental ADC) 
during the development timeframe. Key validation 
criterion is whether it sufficiently blocks the RADAR 
sensor's view and whether it does not produce an 
unrealistically high RADAR reflectivity. 

Intersection Geometry on closed Test Track 

For the first PROSPECT tests on a closed test track 
the project has to define a standard intersection 
geometry for the defined test cases. The proposed 
intersection (see Figure 5) is in compliance with the 
German recommendations for road construction for 
urban intersections (see ERA, 2010 for bicycle lanes, 
EFA, 2002, for pedestrian crossing definition, and in 
General RASt, 2016 for street design in cities). Since 
there is a bicycle lane only on one side of the priority 
street, the intersection allows the conduction of test 
runs with or without additional bicycle lane. An 
additional spot for crossing bicyclists (without zebra 
crossing) is added to one of the two non-priority legs. 
Four referenced positions allow a reproducible 
placement of either traffic signs or traffic lights. The 
stopping lines shown on all for legs should be quickly 
removable, they are only needed if the intersection is 
configured to have traffic lights. 
On the proving ground it has to be possible to enter 
the intersection with the VUT at the desired speed 
from all directions (maximum speed for priority / 
large road: 60 km/h from both directions, maximum 
speed for small / non-priority road: 40 km/h). From 
experience, at least 100 m acceleration length plus ca. 
80 m of constant speed straight driving are required 
for tests at 60 km/h (40 km/h: ca. 50 m acceleration 
length plus ca. 50 m straight driving). 
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The initial positions of the VUT and the VRU for the 
related test scenarios from D3.1 are labeled with  
A – H. These tracks should be aligned at the center of 
the respective lane. 
 
As a next step, it will be the task of the test labs to 
implement and refine this type of intersection on their 
test tracks. If necessary, final test speeds at some 
tracks / locations / legs of the intersection may be 
limited by the available acceleration length and 
acceleration road geometry. 

Concept for Realistic Testing 

Active safety systems mostly depend on image 
processing. The image processing algorithms 
improve over the years and put the algorithm 
developers into the position to take various optical 
and radar cross section cues into account, such as: 
• the lane the VUT travelling in, and whether the 

VRU is already in that lane, 

• the priority situation between the traffic 

participants, 

• traffic lights, 

• traffic signs, 

• the presence of a zebra crossing, 

• is the VUT on a sidewalk, 

and certainly a high number of others, where a single 
detail might be of a low importance in itself but could 
have a major influence in the evaluation of a critical 
situation. It is impossible to present all possible cues 
to the vehicle on a clean environment such as a test 
track. On the other hand, artificial tests on a clean test 
track are not fully representative for accident 
scenarios found in reality in the way that angles of 
intersections, lane width, road inclinations and 
obstructions do differ. A comparison between test 
results generated from tests in complex and realistic 
scenarios with clean test track scenarios will give an 
indication on how robust PROSPECT functions are 
and what the performance gain due to the contextual 
information is in actual use cases. 
Since the exact same test tools will be used on a test 
track and in realistic surroundings, all tests will be 
repeatable (test results measured in the same 
condition will be comparable) and test results from a 
test track will be reproducible (test results from 
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Figure 5: Versatile intersection to be implemented on test track 
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different test tracks, but same vehicle and test setup 
are comparable). Test results on real city streets 
however are not reproducible (they cannot be 
reproduced on another intersection, in another city 
etc.). 
PROSPECT's aim is to test on two different real 
intersections, and then perform as much test cases as 
possible in that specific location. For instance, one 
intersection can be a non-sign priority-to-the-right 
intersection, and the other intersection will have 
priority signs and a bicycle lane. 
Testing in real intersections is possible under the 
following conditions: 
• the intersection is closed to other traffic by own 

personnel, 

• it is possible for residents to access their homes, 

e.g. by either momentary stopping testing or by 

declaring a deviation, 

• the actual intersections are selected by local 

authorities from a larger number of candidate 

intersections, 

• the testing will take a limited time, 

• no danger is generated for parked vehicles. 

BEHAVIOR 

Initial speed ranges for VUT as well as for the 
accident partner (bicycle or pedestrian) are available, 
based on accident database evaluations. To reduce 
the complexity, it can be assumed that bicycle or 
pedestrian do not change speeds during the course of 
the accidents, and that those traffic participants do 
travel on a straight line. 
Specific behaviors for the VUT are required to depict 
the conflict situation realistically: e.g. a speed profile 
for constant speed crossing of an intersection, a speed 
profile as well as trajectories for turning into or from 
a non-priority street. 
 
As mentioned above, the collision opponent (bicycle 
or pedestrian) will have a constant speed and will 
very likely be linear, but a large set of test cases will 
include a turning VUT. The exact turning geometry 
and speed of the VUT should be representative for 
those patterns found in traffic observations. 
Unlike current test procedures for straight-line 
driving and braking, the PROSPECT intersection 
scenarios require a driving style with an active driver. 
It will be necessary for a good assessment to define a 
trajectory-speed-combination that "feels" natural, but 
it very reproducible, for instance because it is driven 
by robots. 

The key to this natural driving is to identify how 
typical subjects drive in the real world through bends 
for various types of intersections. 
There will be two different data sets of subjects 
driving cars available: one from the suburb of the city 
of Munich in southern Germany, provided by Audi, 
and one from the city of Barcelona in Catalonia, 
provided by IDIADA (not available yet). The data 
sets contain recordings of vehicle movement data 
over time, which need to be filtered. Appropriate 
intersections will be defined and the data for during 
passing these will be isolated (currently only the 
Munich data set is available for evaluation). 
Finally representative driving styles per intersection 
(generic vehicle trajectory and vehicle speed profile) 
will be defined and transferred to driving robots. If 
these driving styles feel "naturally" (to be judged by 
human drivers), they can be used in the test scenarios. 

Data Set 

The study consisted of a sample of 48 participants, of 
which 14 were female and 34 male. The participants’ 
age ranged from 21 to 60 years, with a mean age of 
M=30.0 years (SD=11.5 years). As a requirement to 
be allowed to attend the study, drivers had to have 
their driver’s license for more than 5 years or in total 
200.000 km driving experience since they obtained 
their license. On average, participants obtained their 
driving license 12.6 years ago (SD=10.8 years).  
The route in this data set as well as intersection that 
are appropriate for the test cases(see Table 2) is 
shown in Figure 6. 
The test vehicle was an Audi A6 with integrated 
measurement technology. The vehicle was equipped 
with a head-up display (HUD) showing driving 
related information, e.g. current driving speed and 
permitted speed limit. Other functions like Adaptive 
Cruise Control (ACC) had been deactivated, so that 
all participants had to control for speed and distance 
by themselves during the complete study. 
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Figure 6: Layout of the route 
 
This dataset contains several intersections that are 
appropriate for the test cases, see Table . 
A total number of 711 measurements is available, an 
average of 71 crossings for each one of the 10 
intersections. The average 10 measurements were 
recorded with the vehicle coming from and going to 
different directions. Table 2 shows the test cases 
where sufficient data for evaluation is available. 
 
Table 2: Intersections for test cases 

ID Intersection Behavior 
CBIP 
01 

'A', starting north, 
going east 

Turning left 
from priority, 
higher speed 

CBIP 
03 

'B', starting north, 
going south 

Crossing an 
intersection 
with 40-60 
km/h 

CBIG 'C', starting north, 
going south 

Turning right at 
green light, 10-
30 km/h 

CBIP 
04 

'D' & 'E', Starting west, 
going south 

Turning right 
into priority 
street 

CBIP 
05 

'F' & 'G', Starting west, 
going north 

Turning left into 
priority street 

Criteria for data analysis 

Human driving styles in intersections are expected to 
be the curvature of their turn and the speed profile, 
both as function of a parameter that characterizes the 
completion of the turn. 
Human drivers assumingly drive in a way that 
minimizes the change in lateral acceleration, for 
instance by increasing the curvature of their 
trajectory smoothly. 
A common geometric figure in road planning is the 
so-called clothoid: a curve with a direct relation 

between distance travelled on the curve d and 
curvature κ (the reciprocal of the curve radius), 
according to this equation: 

 dk ⋅= κκ  

  
The curvature is available as the quotient of vehicle 
speed and vehicle turn rate (yaw rate): 

 
xv

ψκ
&

= , 

both of these quantities are directly measured. 
The relation between curvature and distance on the 
curve, as taken from the NDS data, allows the 
judgment whether human drivers drive in clothoids, 
and if so, with what generic parameter kκ. 
An appropriate parameter for the turn completion 
therefore is the distance d, starting at the turn 
initiation. 
Another important criterion for driving style 
characterization is the speed profile while crossing 
the bend as function of time, distance or yaw angle 
travelled. 

Exemplary Analysis for "Turning Left from 
Priority" 

The data set provided by Audi & Universität der 
Bundeswehr contains 7 measurements from 
intersection 'K' with the vehicle coming from the 
north and turning to the east with no stopping in-
between, which seems reasonably relevant in 
situations that might have led to an accident. In the 
majority of the test runs, the vehicle had stopped, 
probably to yield to another vehicle with priority. 
A trajectory of the situation is shown in Figure 7. 
During increase of curvature, the curvature increases 
mostly linear with the travelled distance, see 
Figure 8. 
 
The factor kκ is in the region of 0.12 1/m per 5 to 10 
m: kκ = 0.024 to 0.012 1/m². 
A full overview over the relevant motion variables of 
the vehicle (speed, curvature, lateral acceleration, 
longitudinal acceleration) as function of time is 
shown in Figure 9. 
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Figure 7: Trajectories for scenario turning left 
from priority 
 

 
Figure 1: Curvature as function of distance 
travelled 

 
Figure 9: Vehicle movement as function of time 

 
The data suggests clearly that the turn can be broken 
down into four phases: 
 
• Phase I: speed adjustment while going straight 

• Phase II: speed adjustment and increase of 

curvature (clothoid, entering the bend) 

• Phase III: constant radius cornering 

• Phase IV: acceleration and decrease of 
curvature until final speed is reached (clothoid, 
leaving the bend) 

• Phase V: acceleration on straight track to final 
speed 

 
In phase I, the speed is decreased from a starting 
speed of approximately 40 km/h down to 
approximately 25 km/h, where the turn is initiated, 
while the speed still decreases to the slowest turn 
speed of 5 to 17 km/h, depending on the 
measurement. The maximum lateral acceleration in 
the turn has an absolute value of 2 to 3 m/s², the 
longitudinal acceleration in during the braking phase 
is approximately -1 m/s², and when accelerating 
again to the final speed of approximately 35 km/h, is 
it 1 m/s² as well. 

Representative turning behavior 

The analysis of all available data for the other 
behaviors as well shows that the observed phases can 
be found in all scenarios. There is one scenario that 
shows an additional fifth phase: a straight line 
acceleration to the final speed after completion of the 
turn, see Table 3. 
 
For testing, it will be crucial that the driving style is 
comparable to human driving. The parameters from 
Table 3 can be converted into synthetic driving robot 
parameter files. If executed, these files would result 
in the following , see Figures 10 to 13. 
 

-10 -5 0 5 10 15 20

x [m]

2

4

6

8

10

12

14

16

0 5 10 15 20 25
0

20

40

60

0 5 10 15 20 25
-0.3

-0.2

-0.1

0

0 5 10 15 20 25
-4

-2

0

0 5 10 15 20 25

Time [s]

-5

0

5



 

Seiniger 10 
 

Table 3: Behavior in intersections 

 
 

 
Figure 10: Turning left from priority 

 
Figure 11: Turning right at green 

 
Figure 12: Turning right into priority 

 
Figure 13: Turning left into priority 

 Phase I Phase II Phase III Phase IV Phase V 

Turning left 

from priority 

road 

v0=40 km/h 

ax=1 m/s² 

vend=25 

km/h 

kκ=0.01 

1/m²  

κ=0.12 1/m 

ay=2.5 m/s² 

R=8.3m 

v=17 km/h 

kκ=-0.01 

1/m², 

ax=1m/s²  

vend= 35 

km/h 

- 

Passing 

straight with 

priority 

- - v=35... 

50 km/h 

- - 

Turning 

right from 

priority 

v0=40 km/h 

ax=1.5 m/s² 

vend=14 

km/h 

kκ=0.015 

1/m² 

κ=0.17 1/m 

 

ay=2.5m/s²,  

R=6m  

v=14 km/h 

kκ=-0.01 

1/m², 

ax=1m/s²  

vend= 35 

km/h 

- 

Turning 
right into 

priority 

v0=40 km/h 

ax=1.5 m/s² 

vend=15 

km/h 

kκ=0.025 

1/m² 

κ=0.1 1/m 

ay=2 m/s²  
R=10m 

v=16 km/h 

kκ=-0.025 

1/m², 

ax = 1m/s² 

vend= 

35km/h 

- 

Turning left 

into priority 

v0=40 km/h 

ax=1.1 m/s² 

vend=20 

km/h 

kκ=0.04 

1/m² 

κ=0.2,  

vmin=1km/h 

- kκ=-0.02 

1/m² 

ax=1.4 m/s² 

vend= 20 

km/h with  

vend= 50 

km/h  

ax=2 m/s². 
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Verification using driving robots 

First verification runs using robot program files as 
described above have been conducted with BASt's 
Mercedes GLC and Anthony Best Dynamics SR15 
and CBAR driving robots.  
These measurements show that the tool chain allows 
the creation of robot program files from the 
parameters derived from NDS data. The measured 
curvature corresponds quite well with the desired 
values. 
On other hand, the measurements show also that the 
robot control algorithms have an issue with the speed 
profile: in all cases, the robot fails to adjust the initial 
deceleration and especially the speed control during 
the turn, which generates a large control error. The 
robot then tries to eliminate the control error in the 
acceleration phase after the bend, which results in an 
unexpectedly high acceleration.  
All this affects the heavily speed-dependent variables 
lateral acceleration, yaw angle over time and yaw 
rate. 
A comparison of desired vehicle movement data 
versus measurement data is depicted in Figures 14 to 
17. Desired data is shown with solid lines, 
measurement data is shown with '+'-signs (every 25 
data points). 
 

 
Figure 14: CBIP01 measured data vs. desired 
data 

 
Figure 15: CBIN04 measured data vs. desired 
data (driven as left turn) 

 
Figure 16: CBIN05 measured data vs. desired 
data 

 
Figure 17: CBIG measured data vs. desired data 
(driven as left turn) 
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CONCLUSION 

PROSPECT (Proactive Safety for Pedestrians and 
Cyclists) is a collaborative research project involving 
most of the relevant partners from the automotive 
industry (including important active safety vehicle 
manufacturers and tier-1 suppliers) as well as 
academia and independent test labs, funded by the 
European Commission in the Horizon 2020 research 
program.  
PROSPECT's primary goal is the development of 
novel active safety functions, to be finally 
demonstrated to the public in three prototype 
vehicles. A sound benefit assessment of the prototype 
vehicle's functionality requires a broad testing 
methodology which goes beyond what has currently 
been used. 
Since PROSPECT functions are developed to prevent 
accidents in intersections, a key aspect of the test 
methodology is the reproduction of natural driving 
styles on the test track with driving robots. 
For this task, data from real driving studies with 
subjects in a suburb of Munich, Germany was used. 
Further NDS data from Barcelona will be available 
soon. 
The data suggests that intersection crossing can be 
broken down into five phases, two phases with 
straight deceleration / acceleration, one phase with 
constant radius and speed turning, and two phases 
where the bend is initiated or ended. In these latter 
phases, drivers mostly combine lateral and 
longitudinal accelerations and drive what is called a 
clothoid, a curve with curvature proportional to 
distance travelled, in order to change lateral 
acceleration smoothly rather than abrupt. The data 
suggests that the main parameter of the clothoid, the 
ratio distance travelled to curvature, is mostly 
constant during the intersections. 
This parameter together with decelerations and 
speeds allows the generation of synthetic robot 
program files for reproduction of natural driving 
styles using robots, allowing a much greater 
reproducibility than what is available with human test 
drivers. First tests show that in principle it is possible 
to use the driving robots for vehicle control in that 
manner; a challenge currently is the control 
performance of the robot system in terms of speed 
control, but it is anticipated that this problem will be 
solved soon. 
Further elements of the PROSPECT test 
methodology are a standard intersection marking to 
be implemented on the test track which allows the 
efficient testing of all PROSPECT test cases, 

standard mobile and light obstruction elements for 
quick reproduction of obstructions of view, and a 
concept for tests in realistic surroundings. 
First tests using the PROSPECT test methodology 
will be conducted over the summer, and final tests of 
the prototype vehicles developed within PROSPECT 
will be conducted in early 2018. 
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ABSTRACT 
 

It is well known that the research of co-linear and oblique crashes have progressed since NHTSA had reported that 
the large number of fatalities occurred in crashes involving poor structural engagement between the vehicle and its 
collision partner in 2009. Moreover, a new frontal crash dummy, THOR, is being developed for which a variety of 
new risk functions has been proposed. Especially, an ankle injury is being considered for a new injury assessment.  

In this study, the main purpose is to evaluate the ankle injury risk functions based on the accidental analysis and the 
human finite element (FE) simulation based on NHTSA co-linear and oblique research tests. First, the accident 
frequency of the ankle injury in US frontal crash accidents was compared with various ankle injury risk functions. 
Second, the ankle injury mechanism was investigated by conducting human FE simulations focusing on the ankle 
behavior in order to clarify the effect of the tibia compression on the ankle injury. It was found that the ankle injury 
risk functions without tibia compression effect estimated higher risk than the actual accident. On the other hand, it 
was identified that the talus and fibula damage could change drastically by the eversion and inversion of the ankle 
with/without tibia compression by human FE simulation. Therefore, the ankle injury risk function proposed has 
better correlation with the accidental data with can consider the rotational direction and the tibia axial compression.
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Introduction 
 
The U.S. government’s New Car Assessment 
Program (NCAP), while not actually a safety 
regulation, is the program the National Highway 
Traffic Safety Administration (NHTSA) began using 
in 1979 to enhance the crash safety of new cars. 
Since then, NCAPs have spread to other countries 
around the world, including developing countries 
where automobile ownership is on the rise in recent 
years. Euro NCAP, a program begun in 1997 that 
covers much of Europe, adds an evaluation of leg 
injuries, since that type of injury is so critical. The 
foot/ankle complex consists of such bones as the 
fibula, tibia, talus, and calcaneus (Fig. 1), all of 
which are connected to each other by ligaments (Fig. 
2). The skeleton and tendons below the knee have a 
complex structure that enables the feet to make their 
sophisticated movements. Any injury to this area can 
be difficult to recover from, and sequelae (after-
effects) tend to linger. Because the foot/ankle 
complex has such a complicated structure and tends 
to bear such heavy loads, and because severe 
ligament damage often leads to sequelae of joint 
function, this make the ankle a particularly important 
part of vehicle passengers’ bodies to protect. 
 

Figure 1. Bony anatomy of the foot/ankle complex. 
[2] 
 

Figure 
2.  Ligamentous anatomy of the foot/ankle complex. 
[2] 
 

Many ankle injuries happen in frontal collisions. A 
survey of accidents in the U.S. indicates that 9% of 
168 oblique and co-linear collisions between 1959 
and 2014 resulted in AIS2+ ankle injuries (Fig. 3). 
Narrowing that population down to oblique 

collisions, an area where research has been going on 
in recent years, shows a rather high rate of 18%. 

 
Figure 3. Percentage of cases for each crash type in 
which the occupant sustained AIS2+ to the ankle by 
crash types 
 

Research on the evaluation of ankle injuries is 
going forward day by day. In 1996, Parenteau and 
Petit used human legs for a static evaluation of the 
effect of collisions on inversion and eversion injuries 
[4]. Their test results showed that ankle-bone fracture 
and ligament tearing occur when there is moment of 
34.1 ± 14.5 Nm to the subtalar joint during inversion 
or 48.1 ± 12.2 Nm during eversion. Their study also 
showed that the angle of rotation at the time of ankle 
injury was 34.3 ± 7.5° during inversion and 32.4 ± 
7.3° during eversion. 

In 2001, Kuppa suggested ankle injury risk curves 
for inversion and eversion moment to the subtalar 
joint, based on Parenteau and Petit’s test results [6]. 
According to Kuppa’s test results, the probability of 
injury during inversion and eversion when there is 
moment on the subtalar joint is such that injuries 
occur at similar timing in the standard deviation, and 
that injury occurs when there is 40 Nm of moment 
during either inversion or eversion. According to the 
risk curves suggested by Kuppa, there is a 25% 
probability of AIS2+ ankle and ligament injury at 33 
Nm of ankle moment during inversion or eversion 
and a 50% probability of such injury at 40 Nm. 

In 2002, Funk suggested new ankle injury risk 
curves for inversion and eversion moment to the 
subtalar joint [2]. These risk curves account for 
inversion and eversion as well as the difference it 
makes whether there is an axial force input. 
According to Funk’s test results, only during 
inversion, it is the calcaneofibular ligament that 
sustains injury; it tears at 24 ± 6 Nm (34° ± 10°). 
During eversion, on the other hand, the part that 
sustains injury is the tibiocalcaneal part of the deltoid 
ligament; it tears at 42 ± 15 Nm (30° ± 8°). 
Additionally, when the ankle sustains a force of 2 kN 
on the axis of the tibia from the bottom of the foot, 
during inversion, two places sustain injury: the 
calcaneofibular ligament and the osteochondral part 
of the subtalar joint. The moment at which ligament 
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tearing and osteochondral fracture occur rises to 79 ± 
24 Nm (44° ± 14°). During eversion, as well, the 
number of places injured rises to two: the 
tibiocalcaneal part of the deltoid ligament, and the 
heel. Breaking of the tibiocalcaneal part of the deltoid 
ligament and fracture of the heel bone occurred at 
142 ± 100 Nm (41° ± 14°). Based on these test 
results, the risk curve suggested by Funk indicates a 
25% risk of injury at 24 Nm and 50% risk at 31 Nm 
during inversion in an adult male while under no 
compression. During eversion under the same 
conditions, there was a 25% risk at 45 Nm and 50% 
risk at 58 Nm. At 2 kN of compression, there was a 
25% risk of injury at 58 Nm and 50% risk at 75 Nm 
during inversion in an adult male. During eversion 
under the same conditions, there was a 25% risk at 
110 Nm and 50% risk at 142 Nm. 

Because there are differing opinions about ankle 
injuries, one must first consider the injury 
phenomena that occur during a collision and then 
select the most suitable index for frontal collisions. In 
this paper, we use a human finite element (FE) model 
to reproduce Funk’s ankle test and confirm the 
mechanism by which ankle injuries occur. Using the 
results, we compare actual accident conditions with 
the human FE-based accident reproduction model to 
evaluate ankle injuries in collisions and then discuss 
which risk curves are appropriate. 

 
Methods 
 

Honda’s human FE model was used in this research 
[1]. The ligaments in the human FE model are made 
from beam elements, as shown in Fig. 4. For that 
reason, reproducing Funk’s test allowed us to 
estimate the amount of strain under the conditions at 
which each ligament tore, and from that we could set 
a tearing threshold for each ligament. In Funk’s test, 
the sole of the foot was anchored to a pedestal and 
the pedestal was rotated to make the foot turn along 
the axis of the ankle. We reproduced the test, 
therefore, by using only the foot of the human FE 
model, as shown in Fig. 5. We measured the strain of 
each ligament under the four conditions shown in 
Table 1 to select the tearing threshold values.

 
Figure 4. Ankle Model in Human FE Model 
 

 
Figure 5 Ankle Test Model 
 

Table 1 
Summary of injury data for all Kuppa’s test 

conditions[2] 

 
 

Next, we used an occupant injury simulation model 
and tested a THOR dummy and human FE model 
under identical conditions, then compared the 
moment on the ankle and the amount of strain in each 
ligament (Fig. 6). For the calculating conditions, we 
used the oblique mode (in which there is a high 
probability of ankle injury) and a front barrier 
condition (in which there is little ankle injury), and 
used the amount of strain of the human FE ankle 
ligaments to determine whether there was a tear. 
With the THOR dummy, we substituted values into 
each risk curve based on ankle moment (M) and leg 
axial force (F) to calculate the ankle injury risk. 

 
Figure 6. Full Car CAE Model 
 
Kuppa          Risk √  (Equation 1) 

 
Funk (Inversion) Risk . 	 . . . 	 	

  
(Equation 2) 
 

Funk (Eversion) Risk . 	 . . . . 	 	
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 (Equation 3) 
 
Results 
 

First, in the model that reproduces Funk’s test (Fig. 
5), we confirmed that the mechanism of ligament 
tearing during inversion was that the greatest strain 
occurred in the calcaneofibular ligament, which is the 
farthest away from the axis of rotation (Fig. 7). Thus, 
we were able to estimate that the first ligament to tear 
during inversion would be the calcaneofibular 
ligament. Also, when 2 kN of compression is applied 
from the knee to the foot, the fibula and calcaneus are 
compressed, which reduces the length of the ligament 
in the axial direction. Therefore, comparing cases 
with and without compression, it seems there would 
be less ligament strain when there is 2 kN of 
compression than when there is none (Fig. 8). This is 
thought to be the reason why, in Funk’s test, the 
angle of rotation at which ligament injury occurred 
when the specimen was under axial force was smaller 
than the case when no axial force was applied. 
Next, we confirmed the eversion direction. Here, a 
high degree of strain occurred in the tibiocalcaneal 
part of the deltoid ligament, which is far from the 
axis of rotation, similar to the case during inversion 
(Fig. 9). Also, similar to the case during inversion, 
the amount of ligament strain depended on whether 
there was 2 kN of compression. When there was 2 kN 
of compression from the knee to the foot, the tibia 
and calcaneus were compressed, reducing the length 
of the ligament in the axial direction, so that there 
tended to be less ligament strain than if there had 
been no compression (Fig. 10). Based on these test 
results, we set the beam tearing strain to 0.12 for the 
calcaneofibular ligament and 0.18 for the 
tibiocalcaneal part of the deltoid ligament; at these 
values, there would be a 50% probability of injury. 
Therefore, strain below this threshold would mean an 
injury risk of less than 50%, while strain above this 
threshold would mean an injury risk of more than 
50%. 
 

 
Figure 7.  Average Stress-Angle Response in 
Inversion 
 

 
Figure 8.  Stress-Angle Response in Different 
Compression Situation 
 

 
Figure 9. Average Stress-Angle Response in 
Eversion 
 
 

 
Figure 10. Average Stress-Angle Response in 
Different Compression Situation 
 

Next, using occupant injury simulations, we 
checked ankle behavior with a THOR dummy and 
the human FE model. The results indicate that the 
oblique test mode entailed more footwell deformation 
than the co-linear, and therefore, in oblique mode, the 
moment on the THOR dummy’s ankle and the 
amount of ligament strain in the human FE model are 
also greater than in the co-linear. However, the 
results showed the probability of injury as calculated 
from the THOR dummy’s ankle moment was 
different from the probability of injury found from 
the strain in the human FE model. The calculated 
probabilities of injury are given in Table 2. The risk 
found by Kuppa and Funk for both the left and right 
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ankles during a co-linear and the left ankle in an 
oblique test approximated that found by the human 
FE model. On the other hand, for the right ankle in 
the oblique test, only the Funk risk curve that 
accounts for axial force when calculating risk 
produced results similar to the human FE model. 
 

Table 2 
Summary of Injury Risk Data for All Test 

Conditions. 

 
 
Discussion 
 

In a co-linear, the vehicle’s occupants move straight 
in the vehicle’s direction of movement, so there is 
likely to be little inversion or eversion moment. In 
oblique mode, however, occupants move to the left, 
outer side of the vehicle, so the behavior shown by 
the right foot was to turn in the direction of eversion 
while that of the left foot was to turn in the direction 
of inversion. In the risk curves suggested by Kuppa, 
the moment at which injury occurred was 
approximately the same for both inversion and 
eversion, so the difference between ankle injury risk 
curves for the left and right sides would likely be 
small in oblique test mode. The risk curves suggested 
by Funk, on the other hand, take account of the effect 
of the ligaments during inversion and eversion, so the 
direction of rotation for the left and right ankles is 
different in oblique mode, which could be the reason 
why a gap appeared in the risk of ankle injury 
between left and right. In oblique mode, moreover, 
there is more footwell deformation than in the co-
linear. And since the left foot sustains 1.6 kN of 
compression and the right foot 2.3 kN of compression 
in the axial direction, risk curves that account for 
axial force are more likely to accurately evaluate the 
effect on the ligaments. 
A comparison of oblique research test results [3] to 
the respective risk curves shows that the probabilities 
of ligament tearing as found in risk curves other than 
Funk with axial force taken into account are very 
high (Table 3). However, 18% of 104 oblique mode 
collisions that occurred in the U.S. between 1959 and 
2014 resulted in AIS2+ ankle injuries, which is close 
to the risk curve that accounts for axial force (Fig. 3). 
 

Table 3 
Summary of Injury Risk Data in OBLIQUE 

Research Test. 

 
 
Conclusion 
 

We used a human FE model to reproduce Funk’s 
ankle test and confirm the mechanism by which ankle 
injuries occur. The results for this research confirm 
an extension and retraction mode for each ligament 
of the ankle in collision mode, and suggest which 
ligaments are the most likely to tear. We also found 
that when there is force on the leg in the axial 
direction, the ligament contracts, which lowers the 
risk of ligament tearing. Although force in the axial 
direction increases the risk of bone fracture, such as 
in the heel, it is estimated it would help lower risk for 
some parts. According to the injury mechanism 
confirmed by this research, it is necessary for injury 
risk evaluations to consider axial force under 
collision types such as in oblique tests, or any 
collision where there is lateral occupant movement. 
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ABSTRACT 
 
Advanced Human Body FE models are now being used extensively in the development process of vehicle 
safety systems. This tool on one hand aids in the optimization of restraint systems and on the other hand 
also provides a detailed analysis of injury mechanisms when used within accident reconstruction. 
 
A good documented (injury patterns & physical loading conditions) real world crash and its  reconstruction 
not only ensure further development of vehicle safety, but also allows further improvement of these Human 
Body Models in terms of biomechanical validity and injury prediction capability. This is particularly important, 
as injury prediction should not only be based on physical thresholds or isolated tissue based injury 
parameters but should also allow a population based probabilistic estimation of injury risk.  
      
Therefore the main objective of this study was the reconstruction and detailed analysis of a real world side 
crash using a numerical HBM. This real world side crash was chosen from the DBCars in-house accident 
database of Daimler.  In the selected case, a medium sized Mercedes car was struck at approximately the 
front wheel on the passenger side and had a rollover subsequently. The driver sustained mainly abdominal 
injuries. 
 
A THUMS V4 male model was used to represent the driver of the struck car and to reconstruct the injuries. 
The probabilistic injury criteria for pelvis fracture, recently published by J. Peres et al. and the probabilistic 
rib fracture criteria published by J. Forman et al. were implemented to the post-processing tool DYNASAUR. 
Further stress/strain based injury predictors for other body regions were also used within this study.  

The real world crash and the injury patterns of the driver were compared and discussed with statistical data 
whether it can be considered as representative for a typical far-side load case. Finally the applicability of 
Virtual Testing and use of a HBM within an assessment protocol are discussed for this far-side load case.
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INTRODUCTION  

In March 2015, Euro NCAP published a Strategic 
Road Map, identifying major domains that are 
supposed to focus on key real life crash scenarios 
and that are supposed to be addressed by new and 
updated safety technology [1]. One of these domains 
are side impacts, since – according to Euro NCAP – 
far-side impacts have been overlooked in testing and 
seem equally important as casualties from near side 
impact. Suppliers of restraint systems aim to address 
these upcoming requirements with new restraint 
systems (“center bags”) [2]. 
 
On the other hand, data analysis based on NASS/CDS 
and CIREN done by Brumbelow et. al. [3] highlights 
the variety of impact conditions occurring in far-side 
impacts. This study analyzes impact direction of 
force, impact area, number of collisions, impact 
severity etc. in relevant cases, and investigates 
injured body regions. Given this detailed 
understanding, Brumbelow assigns a low priority to 
far-side scenarios contrary to Euro NCAP and 
conclude that they are difficult to address with a 
single test configuration. 
Accident data analysis of GIDAS data [4] resulted in 
n=43 belted front row car driver or occupants of cars 
registered 2000 or later who were seated in the far-
side position of a side collision by cars or other 
vehicles. Only 67% of the vehicles showed a 
compartment impact (Fig. 1, top left). Less than 30% 
of these had a perpendicular impact similar to side 
impact scenarios currently standard in laboratory 
tests (Fig. 1, top right). Injuries due to head-to-head 
contacts are not a major issue in the field, since head 
injuries in far-side cases with close occupant do not 
predominate. For both groups, thorax injuries are 
high. The share of abdominal injuries is also 
comparably high, many of them not further specified 
traumatic AIS2 injuries to liver or kidney (Fig. 1, 
bottom).  
 
Several studies and researches have already shown, 
that  human body finite element (FE) models are the 
method of choice to reconstruct real world crash 
injury outcome and demonstrated in the same way, 
that injury predictors and criteria used with these 
tools could be further validated and consolidated in 
comparison with real world crash scenarios. 
 
Golman et al. [5] discussed the use of a HBM in 
detail within an accident reconstruction of a near-
side crash selected from the CIREN (Crash Injury 

Research and Engineerin Network) database. He also  
comprehensively analysed the HBM response and 
injury prediction capability by applying several injury 
metrics from literature or recently developed and 
implemented to the human body model which has 
been used in his study. 
  

 
 

 
 
Figure 1. Accident statistics Far-side  
 
This study now aims to:  

1. Understand in more detail the injury 
mechanisms in far-side collisions and to 
show the capabilities and hurdles of human 
body simulations of these scenarios. 

2. Apply a post-processing  for evaluating 
injury risk. 

3. Apply aspects of Virtual Testing in 
conducting accident reconstruction. 

 
Therefore, similar to the study of Golman also the 
Total Human for Safety (THUMS) [6] [7] was used to 
represent the occupant, now in a far-side 
configuration, in this real case reconstruction. In 
addition, respectively in contrast to previous studies, 
a post processing tool was applied with THUMS to 
evaluate the HBM response and injury risk. This 
addresses mainly the aspect of standardization and 
harmonization of injury risk prediction and 
evaluation by virtual human body models and finally 
the applicability within assessment protocols. 
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This topic, respectively more general “Virtual 
Testing”, was extensively discussed within the 
European FP7 research project IMVITER [8]. The 
consortium comprised of 15 partners from Germany, 
France, Italy, Spain, Hungary and Greece and 
represented the main actors involved in EC motor 
vehicle type approval process. In the project, Virtual 
Testing was considered as use of simuation models 
in the assessment procedures of regulatory acts, 
replacing real tests or supporting real tests in terms 
of supplemental assessment procedure. Therefore, 
the following definition was formulated: “Virtual 
Testing (VT) can be defined as the assessment of any 
kind of requirement imposed on a physical part or 
system, which is conventionally accomplished 
through some kind of test, but performed using a 
numerical model instead. Thus, VT inherently 
replaces tests (also named Real Testing - RT) by 
simulation models and test results by simulation 
predictions.” Beside the demonstration of such a 
numerical assessment in four pilot cases, from which 
one focused on the application of HBM, also a 
generic VT type approval implementation process 
was developed. This process introduces the 
Verfification, Validation (V&V) and finally the type 
approval assessment in three consecutive phases 
(Fig. 2).        
 
 

                      
 
Figure 2. General IMVITER VT implementation 
flowchart 

 
The European resarch project SafeEV  (Safe Small 
Electric Vehicles through Advanced Simulation 
Methodologies) [9] was initated as follow-up project 
within the 7th European Framework Programme and 
consolidated the main findings from IMVITER. Mainly 
FE-HBM were implemented to a proposed 
assessment procedures and applied to evaluate 
advanced safety solutions for pedestrians and car 
occupants. Finally relevant and crucial processing 
steps within a projected tool chain were identified 
and discussed in the course of the project – e.g. V&V 
(Verification & Validation), recommendations for 
comparability of codes and especially harmonized 
and standardized post-processing methods including 
criteria definition were mainly identified as Best 
Practice respectively Key Building Blocks for VT and 
the implementation of HBM (Fig.3). 
 

 
 
Figure 3. SafeEV tool chain of a virtual 
assessment including application of HBM and 
related Key Building Blocks  
 
Therefore the purpose of this study was also to make 
use of some of the findings from these European 
projects and discuss e.g. the capability of a post-
processing tool and recently published criteria for 
THUMS V4 to predict the injuries in a real world case 
on the one hand and to comment on their possible 
applicability within assessment procedures on the 
other hand.           

METHOD 

A real world side crash was chosen from the DBCars 
in-house accident database of Daimler. The 
Mercedes accident research unit investigates and 
reconstructs severe accidents of Mercedes-Benz cars 
since 1969. 
 
The accident was reconstructed by PC-Crash [10]. 
The PC-Crash software is one of the leading tools for 
traffic accident reconstruction. Collisions up to 32 
vehicles can be simulated in 2D and also in 3D. Car to 
car accidents, car to motorcycles, car to pedestrian 
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accidents, occupant movement and also roll over can 
be calculated. Several databases of all common cars 
and motorcycles are included in PC-Crash. 
 
The PC crash simulation was taken as a basis for the 
FE simulation analysis carried out in this study. 
THUMS V4.02 AM50 occupant Human Body Model 
was used as the driver of A-Class which was involved 
in the accident. This HBM was used to assess and 
predict the injuries happened in actual crash 
scenario. 
 
The output data from the THUMS V4 simulations 
were mainly processed using the tool DYNASAUR 
V0.03 (PYTHON based - http://www.python.org/). 
DYNASAUR was developed by Graz University of 
Technology and a first application was demonstrated 
within the EU research project SafeEV [11] [12] [13]. 
With specified input concerning criteria and injury 
predictors, the tool runs automatically the complete 
assessment process and creates a standardized 
report. The tool is flexible in terms of possible 
adaption to different HBM and also additional 
implementation of criteria. The current version used 
within this study includes evaluation schemes for 
head injuries, rib fractures, organ damage, pelvis 
injuries, bone fractures and ligament ruptures.  
 
Far-side Accident Reconstruction 
 
Accident Scenario  A 2015 Mercedes-Benz A-Class 
crossed a junction and was hit at the right side by a 
2014 Mercedes E-Class station wagon. The impact 
was at approx. 80° angle at the right front wheel of 
the A-Class (see Fig. 4 & 6). The A-Class spun and 
rolled onto the passenger side where it came to the 
final position. There was an activation of the belt 
tensioner, driver and passenger front bag, knee bag, 
passenger side bag and right window bag.  
 

 
 
Figure 4. Struck vehicle Mercedes A-Class: point 
of impact at the right front wheel 

 
The driver of the A-Class was the only occupant 
(44years old, 178 cm, 125 kg). He was belted and 
suffered the following injuries: right kidney 
contusion, left shoulder contusion, left hip 
contusion, left hand laceration, right hand contusion, 
right lower leg contusion, whiplash of the cervical 
spine of the neck. The abdominal injury of the far-
side driver results most likely from a contact with the 
center console during the impact from the E-Class. It 
is also very likely, that the whiplash and the right 
lower leg contusion occurred during this impact 
phase. In contrast it might be resonably assumed 
that the other injuries of the driver occurred during 
the rollover in the second phase of this accident. 
 
Accident Reconstruction by PC-Crash   Based on 
the accident investigation, different parameters like 
point of collision, speeds of the cars and friction 
were changed until the calculated final position 
corresponds as good as possible to the real final 
position. PC-Crash output provided results in terms 
of collision parameters and kinematics of the 
vehicles, which were now used in the FE 
reconstruction and simulation of the structural 
interaction of the vehicles. The final, reconstructed 
accident configuration and kinematics by PC-Crash is 
shown in figure 5-7.  
 

 
 
Figure 5. Sketch of accident scene  
blue: impacting vehicle (E-Class), black: struck 
vehicle (A-Class)    
 

 
 
Figure 6. Impact configuration 
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Figure 7. Movement of the cars from impact to 
the final position 
 
FE Vehicle and Interior Models Accident 
reconstruction by PC-Crash gives a good visual 
impression of the accident. However, the amount 
of data that could be extracted from PC-Crash 
simulation is limited.  Also, in the resultant 
velocity output from PC-Crash, as shown in Fig. 8, 
a sharp drop of velocity was observed, which 
would result in unrealistic acceleration levels in 
the next stage of the reconstruction. Thus, a need 
for full vehicle-to- vehicle FE crash simulation was 
identified. 

 
Figure 8. Resultant velocity v/s time output from 
PC-Crash 
 
Explicit FE simulations with LS-DYNA are capable 
of providing realistic representation of the vehicle 
deformations as well as occupant kinematics 
under accident scenario.  
 
Fig. 9 shows the full vehicle models used. The FE 
models include detailed BIW parts, engine 
compartment and the details of the components 
inside engine compartment, doors with trims, 
wheels and the suspension assembly etc. A 

detailed front fascia was absent in the A-Class 
model. The missing details primarily do not 
provide any structural strength, which is provided 
by front bumper cross member present in the 
model. 
 
A vehicle-to-vehicle impact simulation was 
performed, with position and velocity inputs from 
PC-Crash and accident reconstruction data, to 
validate the FE model setup. 

 
Figure 9. Full Vehicle FE models 
 
The observed deformation pattern, however, was 
different from that in real crash. In addition, the 
second impact of the two vehicles was not 
achieved with the initial setup.  
 
To validate the FE model setup, a parametric 
study was performed with impact locations 
(distance between center of front axle of the two 
vehicles), impact angles and friction between tire 
and road. Table 1 lists the parameters and their 
respective ranges studied.  
 
Parameter Value Range 

studied 
Final value 

Impact 
location 

0 mm-1400 mm 1300 mm 

Impact 
angle 

90° - 76° 78° 

Coefficient 
of friction 

0.4 – 0.9 0.8 

 
Table 1. Parameters of study 
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The setup shown in Fig. 10 was observed to match 
the deformation patterns on the vehicles. The 
second impact was also achieved as shown in 
Fig.11. The time difference between the two 
impacts was 239ms. A time difference of 
approximately 238ms was achieved in FE 
simulation. Fig. 12 shows photographs of vehicle 
taken after the accident with deformations in FE 
simulation overlaid on top of them. 

 
Figure 10. Final position of models for the full 
vehicle simulation 
 

 
Figure 11. Impacts of the two cars in full vehicle 
simulation 

 
 
Figure 12. Overlaid deformation patterns from 
simulation 

 
The full vehicle simulation performed was 
observed to be computationally expensive. To 
reduce the computational time required and 
reduce the complexity of the study, a sled model 
of A-Class car was created from the full vehicle 
model. Fig.13 shows a so-called sled model, in 
which the components in vicinity of occupant e.g. 
seat, center console, door trims, steering wheel, 
and instrument panel were modelled as flexible 
and the rest including the structure were 
modelled as rigid. 
 

 
 
Figure 13. A-Class sled model  
 
To transfer the motion from full vehicle crash 
simulation to the sled model, three nodes were 
identified where minimal deformation was 
observed. Displacement data from these three 
nodes were extracted and applied to the 
respective nodes in the sled to impart motion to 
the sled model. The sled simulation was overlaid 
over full vehicle simulation to verify transfer of 
displacement data (Fig. 14). 
 

 
Figure 14. Sled model simulation overlaid over 
full vehicle simulation 
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Human Body Model The driver (far-side 
configuration) in this numerical study was 
represented by a THUMS Version 4.02 50%-ile 
male occupant model (AM50). THUMS was and is 
still developed by Toyota Motor Corporation and 
Toyota Central R&D Labs. Version 4.02 was 
released in 2015 [6] [7] with a total number of 
approximately 1.9 million elements and about 
760000 nodes. In this version, the inner organs are 
modelled in detail. The model represents an 
average adult with a standing height of 178.6cm 
and a weight of 77.6kg. 
 
It should be noted, that height of the driver 
matches well with 50th percentile male height, but 
the weight of the driver is much higher than that 
of THUMS V4. The possible obese body of the 
driver is currently not represented in this study. 
This fact is discussed in the FE result and 
discussion section.  
 
THUMS V4 model was positioned in A-Class sled 
model on the driver side based on ergonomics 
posture calculations. Seat squashing was done to 
ensure proper contact between HBM and seat 
foam. A 3-point seatbelt was routed around the 
HBM using Primer 12.1 software. The seatbelt was 
equipped with pre-tensioner system. The 
positioned model is shown in Fig.15. It was 
observed during crashed vehicle inspection that 
the driver front airbag and knee airbag were 
deployed.  
 
 

 
 
Figure 15. THUMS V4 positioned in A-Class sled 
model 
 
Injury Metrics  The THUMS V4 is a detailed human 
body model and has capability to predict injuries 
in complex loading conditions. 

 
In this study, injuries in ribs, pelvis and kidney 
were analyzed and compared with those observed 
in the accident. From the injury data recorded in 
the actual accident, AIS 1 injuries i.e. whiplash, 
hand contusions and lacerations, shoulder 
contusion were not analyzed in this study. The 
injury criteria used to assess the injuries are 
shown in Table 2. 
 
 
Body organ Criteria 

developed by 
Description of 
the criteria 

Ribs 

A.H. Burstein 
et. al.(1976) 
[17] 

Deterministic 
criteria. 3% 
plastic strain 
in cortical 
bones as 
fracture limit 

J. Foreman et. 
al. (2012) [15] 

Probabilistic 
criteria. 
Based upon 
maximum 
local strains 

Pelvis 

J. Peres et. al. 
(2016) [18] 

Probabilistic 
criteria. 
Based upon 
maximum 
principal 
strain in 
pelvic bone. 

Kidney 

K. Shigeta et. 
al. (2009) [19] 

Deterministic 
criteria based 
upon 
maximum 
principal 
strains in soft 
organs. 

J. Snedecker 
et al. (2005) 
[20] 

Criteria based 
upon the local 
Strain Energy 
Density (SED) 
at time of 
rupture in 
kidney. Local 
SED of 43 
kJ/mm3 was 
set as limit. 

 
Table 2. Injury prediction criteria 
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DYNASAUR tool, referred in the earlier section, 
was used to post-process the results. It is a 
PYTHON based post-processing tool developed to 
predict injuries based upon injury prediction 
criteria available in literature. The tool can be 
configured by the user to incorporate new injury 
criteria. 
The injury criteria which are available in the tool 
and which were added as new are shown in 
Table 3. 
 
Injury criteria 
available in DYNASAUR 

Newly added injury 
criteria in DYNASAUR 

 
CSDM 
SUFEHM Head injury 
Long bone fracture 
Ribs (Foreman) 
Internal organs 

- Heart 
- Interstine 
- Spleen 
- Lung 
- Liver  
 

 
Internal organs 

- Kidney 
Neck (for SUFEHNM) 
Pelvis (Peres) 

 
Table 3.  Injury criteria in DYNASAUR 

Additional criteria were evaluated using 
traditional post-processing tools such as LS-
PrePost. 
 
RESULTS 
   
FE Simulations Occupant & Injury Prediction    
The oblique nature of this far-side impact causes 
the HBM to have a predominant higher lateral 
component of movement than frontal. The first 
impact of the two vehicles was most severe 
resulting in the abdomen and pelvis of the HBM 
colliding with center console. The HBM was 
analyzed for resulting injuries based upon the 
injury metrics discussed in the previous section. 
 
Ribs - Burstein Criteria  Cortical part of 10th rib 
was observed to have more than 3% plastic strain, 
predicting fracture. Fig. 16 shows the plastic strain 
plot of the ribs.  

 
 

Figure 16. Fringe plot of plastic strains in ribs. 
10th rib shows more than 3% plastic strain 
Ribs - Forman Criteria  Fig. 17 shows the 
probability of rib fracture as indicated by 
DYNASAUR tool. It was noted from the output that 
the right ribs have significantly higher probability 
of fracture than the left ribs, as right side of torso 
was coming in contact with center console. The 
10th rib on the right side of THUMS V4 was 
showing almost 100% probability of fracture, 
similar to the prediction by Burstein criteria.  
 

 
 
Figure 17. Probability of rib fracture from 
DYNASAUR tool (Forman Criteria) 
 
Pelvis Fig. 18 shows the probability of injury in 
pelvic bone as per the criteria developed by J. 
Peres et al. The output, from DYNASAUR tool, 
showed more than 95% probability of AIS 2+ injury 
happening in pelvic bone.  
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Figure 18. Probability of AIS2+ pelvic injury 
 
Kidney - Shigeta criteria  For analyzing the injury 
in kidney, maximum principal strain of 50% was 
maintained as a limit for injury. Out of 100% solid 
elements in right kidney, 63% of elements were 
observed to fall above the limit compared to 5% of 
elements out of 100% elements in the left kidney. 
Fig. 19 shows the number of elements in kidney 
plotted against the percentage of the Maximum 
Principal Strain limit at the time of HBM making 
contact with the center console. 
 

 
 
Figure 19. Distribution of number of elements in 
the kidneys with respect to the percentage of 
Maximum Principal Strain limit 
 
Kidney - Snedecker criteria  Strain Energy Density 
(SED) in the kidney was analyzed for injury 
prediction. It was noted, that the right kidney 
exceeded the minimum rupture limit, 43 kJ/m3, 
given by Snedecker. The maximum strain energy 
density observed in the kidney is 552.52 kJ/m3, 
indicating injury. The left kidney, however, did not 
exceed the minimum rupture limit. Fig. 20 shows 
the strain energy density fringe plot in the 
kidneys. 
 
These observations establish the explanation of 
higher probability of rupture in right kidney. 
 

 

 
 
Figure 20. SED fringe plots for kidneys 
 
 
 
DISCUSSION   
 
Rib cage injury  
Thorax injuries account for one of the highest 
number of AIS2+ injuries in far-side accident 
scenarios as discussed in the introduction section. 
It might be reasonably assumed that the main 
cause of the thoracic injuries is the contact with 
the center console of the car. As shown in Fig. 21, 
the contact between center console and thorax 
resulted in significant deformation of the ribcage, 
causing the lower ribcage to bend laterally at 
around 98ms. The rib injury prediction (Burstein 
and Forman criteria) showed high probability of 
fracture in the 10th rib. Whereas, the real 
occupant did not endure any injuries to ribcage. 
This difference could be attributed to the 
anthropometric difference (weight / obesity) 
between the THUMS V4 and the real occupant.  
 

 
 
Figure 21. Deformation and plastic strain in 
ribcage @98ms. 
 
Pelvic injury  
The prediction by DYNASAUR tool showed a high 
risk of AIS 2+ pelvic injuries. The criteria, being 
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based upon local maximum principal strains, is 
sensitive towards the modelling related local 
strain concentrations, as reported by Peres et. al 
[18]. From the plastic strain plot in Fig. 22, it was 
observed that the high strains were only occurring 
at the hip joint area and the localized strains 
might over-predict the injuries in the pelvic bone. 

 
Figure 22. Plastic strains in pelvic bone 
Kidney Injury  
As mentioned in the result section, the right 
kidney was found to be more susceptible to injury 
than the left. The difference between the injury 
levels could be explained as the organs on the 
right (impact side) were subjected to direct 
loading from the vehicle interiors unlike the 
organs on the left (non-impact side). 
 
Because of the difference in the loading, the right 
kidney was observed to have higher internal 
energy (Fig. 23). The right kidney attains maximum 
internal energy of 3.13 J at 100 ms whereas left 
kidney has maximum internal energy of 2.06 J at 
96ms. 

 
 
Figure 23. Kidney Internal energy v/s time (red: 
right kidney, blue: left kidney) 
 
Subsequently, the elements in the right kidney 
also show high stress values as depicted in Fig. 24 
and predicting higher probability for injury. 

 
Figure 24. Effective stress v/s time in kidney solid 
elements. 

 
LIMITATIONS OF THE STUDY 
 
The deformations of the vehicles from 
photographs helped reconstruct the accident 
scenario. However, no data on the kinematics of 
occupant in real event is available. Therefore, the 
estimation of the contacts of occupant with 
vehicle interior with respect to accident event 
timeline and subsequent injuries is purely based 
on the FE Simulations. These predicted injuries are 
compared with the injury data from the accident 
data. The posture of the occupant inside the car as 
well as the seat position at the time of accident is 
also not known. The best possible occupant 
posture and seat position was computed using the 
ergonomics data and taken as input. 
 
The THUMS V4 model used in this study is a 
western 50th percentile male model. The weight of 
HBM is around 77.6 kg and the model height is 
around 178.6cm. The body height of the driver of 
A-Class in accident scenario matches quite well 
with the model, whereas the weight (125kg) of the 
occupant differs significantly from the model 
weight. This difference could have led to different 
kinematics of the occupant and subsequently 
different injury risk. Therefore, the prediction of 
the rib fracture in the numerical study was 
interpreted as a first approximation to reality. 
 
Finally the FE simulation just focused on the first 
phase of the accident scenario. The rollover was 
not taken into account for the injury risk 
estimation respectively occupant kinematics and 
further contacts with interior parts. For this, it was 
assumed that the rollover was less critical in terms 
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of dynamics (acceleration) and consequences for 
the occupant.          
 
In general, as the material properties of THUMS 
V4 have been validated, the injuries predicted 
could be related to actual scenario. Nevertheless, 
further study needs to be carried out with the 
THUMS V4 model scaled to occupant dimensions. 
 
 
CONCLUSIONS 
 
This study shows an in-depth reconstruction 
analysis of an accident between Mercedes-Benz A-
Class and E-Class vehicles.  
 
The first part of the study demonstrated successfully 
the combination of the two tools PC-Crash and LS-
Dyna to reconstruct an accident, the structural 
interaction of the vehicles and related occupant 
kinematics and restraint interaction.  
The second part of the study established a 
methodology of reconstruction of an accident using 
Human Body Model and proved their capability to 
predict and assess injuries in real life scenarios (like 
other studies also did). Beside the rib fracture the 
predicted injuries risk and injured body parts 
matched quite well with the real case. Considering 
the injury patterns the driver sustained during the 
impact, it can be stated, that this accident 
represents a typical far-side scenario. Nevertheless, 
limitations because of the subsequent rollover are 
already discussed. 
 
Additionally, the use of probabilistic and 
deterministic injury criteria was demonstrated 
successfully within the effective application of the 
DYNASAUR tool. It is important to make a note of 
the fact that such a post-processing element is listed 
as a relevant Key Building Block on the way to 
“Virtual Testing” and especially with the use of HBM 
(findings and final recommendations of IMVITER and 
SafeEV). 
 
More analyses of this type have to be performed to 
consolidate the methodical approach and to verify 
the applicability of the demonstrated tool chain in 
terms of Best Practice for “Virtual Testing” and the 
implementation of HBM to such procedures. 
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ABSTRACT 
Since the last decade, development efforts by academia and industry for automated driving functions have 
increased significantly. Also, the European research project AdaptIVe is looking into this topic. Due to the 
large operation spaces and various complex situations that are covered by these functions, efforts for 
evaluation increase also significantly. Within AdaptIVe, a comprehensive evaluation approach for automated 
driving functions ranging from SAE level 2-4 has been developed [1]. The approach splits the evaluation into 
technical, user-related, in-traffic and impact assessment addressing safety and environmental effects of 
automated driving. For each evaluation type appropriate test tools and methods are selected e.g. field test 
for technical assessment, trials on test track and in real traffic for the u ser-related assessments and 
simulations for the in-traffic and impact assessment. Next to the assessment type also the characteristics of 
the function must be considered when deciding for specific test tools. Hence, besides to the level of 
automation [8] the automated driving functions are classified into continuous and event-based operating 
functions. Whereas event-based operating functions are only operating for a short period in time (e.g. 
automated parking), continuous operating functions are, once they are active, operating for longer time 
periods (e.g. highway automation). Based on the classification the aspects to be evaluated and test methods 
are selected for all assessment types. The developed methodology has been applied to several automated 
driving functions developed within AdaptIVe. As an example, for the technical assessment of continuous 
operating functions it has been assessed whether the driving behavior of the developed functions is similar 
to human driving behavior and therefore not disturbing human traffic. In the user-related assessment, issues 
related to driver behavior, understanding of automation, trust, mental workload, resuming control, vigilance, 
usability and acceptance has been looked at. In this paper the key aspects of the AdaptIVe evaluation 
methodology for technical, user-related, in-traffic and impact assessment are presented as well as the key 
results of the application of this methodology on the within AdaptIVe developed automated driving 
functions.  
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INTRODUCTION 

Automated driving is a vision since the early 20th 
century. A first step towards this vision was the 
introduction of ADAS (advanced driver assistance 
systems) in the last decade of the 20th century. 
Following the successful introduction of ADAS 
research on higher automated driving functions is 
ongoing since many years. These functions were 
intensively investigated and demonstrated during 
the DARPA Challenges [2] [3] as well as activities of 
Google and their so called Google self-driving cars 
[4] in the US and in Europe by the Berta Benz Drive 
[5] and the GCDC [6]. This chosen path is continued 
by the European research project AdaptIVe. Within 
AdaptIVe, 21 different automated driving functions 
for different speed ranges and target areas are 
developed [7]. 
 However, with the increasing complexity of 
ADAS and automated driving functions, assessment 
efforts are expected to rise dramatically as stated in 
[8]. Therefore new assessment methods which are 
enabling an efficient assessment of these functions 
have to be designed. Besides new methods and 
frameworks for assessment, metrics for measuring 
the performance of automated driving functions 
have to be identified as well.  

AIM 

The aim of this paper to present the key aspects and 
results of the evaluation approach [1] developed 
within the European reseach project AdaptIVe, 
which feature a comprehensive evaluation in the 
areas of user-related, technical, in-traffic and impact 
assessment. All considered evaluation areas are 

presented in figure 1.  

 
Figure 1. Evaluation areas in AdaptIVe 

METHODOLOGY 

As described previously, different aspects are 
analysed in the several evaluation areas. In the 
technical assessment the performance of the 
functions is investigated. The user-related 

assessment analyses the interaction between the 
functions and the user, trust, usability, as well as 
acceptance of the developed functions. The in-traffic 
assessment focuses on the effects of automated 
driving on the surrounding traffic as well as non-
users. The impact assessment determines the 
potential effects of the function with respect to 
safety and environmental aspects (e.g. fuel 
consumption, traffic efficiency). The overall 
approach for the evaluation in AdaptIVe is shown in 
figure 2. 

 
Figure 2. Overall AdaptIVe evaluation approach 

The initial starting point for the evaluation is a 
detailed description of the function or system under 
investigation itself. Based on the description of the 
function or system a classification is done in order to 
determine which evaluation methodology for a 
certain assessment is most appropriate. 
 In the first step, the AdaptIVe functions and 
systems are classified according to the SAE 
classification [9] and the automation level they 
address. The automation level is only one aspect 
that needs to be taken into account when deciding 
on the appropriate test method. Another important 
aspect is the operation time of the function or 
system that describes how long a function operates 
while driving, since the operation time is linked to 
the type of test and the duration of a test. Here, the 
AdaptIVe functions and systems are divided into two 
categories: 

 Event-based operating functions:Functions 
that operate only for a short period of time 
(seconds up to few minutes). Typical 
examples are automated parking functions 
and minimum risk manoeuvre function 

 Continuous operating functions: Functions 
that once they are active, can be operated 
over a longer period of time (minutes up to 
hours). A typical example for this type of 
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functions is a highway pilot or a motorway 
automation function.  

Based on the classification it is decided on the focus 
of the evaluation and test methods to be applied. 
With respect to the applied test method depending 
on the tested function or system it is decided on test 
environment (e.g. test track, public road, driving 
simulator) as well as on the required test tools (e.g. 
balloon cars). Thereby already existing test 
environments and test tools will be used. By using 
already existing test tools the evaluation approach is 
enabling an efficient assessment of the developed 
automated driving functions. 

Technical assessment 
The objective of the technical assessment is the 
evaluation of the performance of automated 
driving functions. While the assessment 
frameworks developed in previous European 
projects, e.g. PReVAL [10], eIMPACT [11], 
interactIVe [12] and others dealt mainly with 
active safety functions or respectively ADAS, 
where the assessment focused mainly on testing 
of the functions in predefined use cases, the 
approach for continuous automated driving 
functions has to be different. Because contrary to 
active safety functions continuous automated 
driving functions are active for longer time 
periods and are operating in a huge variety of 
scenarios. Following these requirements existing 
assessment approaches have to be extended in 
order to ensure that the whole situation space 
which is addressed by the function is covered. A 
major challenge within this assessment is to limit 
the test effort to a feasible amount while ensuring 
that all important aspects are covered. Since 
automated driving systems address the whole 
driving process, nearly all driving situations are 
relevant for this assessment. It might be desirable 
to test the function’s behaviour in a high number 
of driving situations and in different variations of 
these situations. Considering the limited resources 
within the assessment, this is hardly feasible. 
Therefore, a prioritization of the test approach 
within the technical assessment is required. As 
already mentioned previously, the automated 
driving functions need to be distinguished in:  

 Event-based operating functions 

 Continuously operating functions 

For continuous automated driving functions a so-
called “scenario-based assessment” is used for 

assessment. Instead of defining single test cases a 
(small) field test is conducted for assessing the 
automated driving functions. During the field test 
the function must be able to handle driving 
situations that are covered according to the 
function’s specification and occur during the test 
drive. Afterwards, the driving data is clustered 
into relevant driving scenarios in which the 
functions are assessed. The functions are assessed 
by analysing two aspects:  

• Change of frequency of relevant driving 
scenarios compared to reference behaviour 

• Change of performance of automated 
driving functions in driving scenarios 
compared to reference performance 

In order to investigate the performance in the 
defined driving scenarios adequate indicators are 
to be defined. Besides the indicators, also the 
baseline to which the function behaviour is to be 
compared needs to be described. For this purpose 
the basic requirements of automated driving 
functions and systems needs to be considered. 
These requirements are: 

• safe driving, 

• to operate in mixed traffic conditions, 

• not affect other traffic in a negative way. 

These basic requirements imply that automated 
driving systems need to operate within the range 
of normal driving behaviour and should at least be 
as safe as non-automated driving. The baseline for 
the assessment should be the human driver 
respectively his/her behaviour. Since the driving 
behaviour of each human driver is different, it can 
only be described in distributions. These 
distributions of driver behaviour need to be 
obtained before the actual assessment is 
performed. For obtaining these distributions, data 
from euroFOT [13] has been used in AdaptIVe.  

 

Figure 3. Method for technical assessment 
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For identification and classification of the defined 
driving scenarios, feature-based machine learning 
approaches [14, 15] are used for detection of the 
defined driving scenarios. The methodology 
developed is shown in figure 3. 

As presented already in the previous section, the 
assessment is done by analysing the change in 
frequency of the occurrence of defined scenarios 
and the change in performance with and without 
automated driving functions in defined scenarios. 
Therefore, these scenarios have to be defined 
before the assessment, see table 1. 

Table 1. 
Driving scenarios for technical assessment 

 
Scenario 

Semantic description 

Free driving/  
Vehicle 
following 

No predecessor, ego vehicle keeps lane 

Ego vehicle’s intention is to keep the 
lane and is influenced by a predecessor 
vehicle 

Lane change 
Ego vehicle’s intention is to change to 
the next lane 

Cut-In  
Another vehicle intents to merge into 
the lane of the ego vehicle 

In order to ensure that all relevant driving 
situations occurre during the test, the duration of 
the dedicated small field test is estimated by 
means of data from previous FOT, such as 
euroFOT [13]. The reference data of the field 
operational test is clustered in relevant driving 
situations by using a situation space approach. 
Afterwards, the distribution of frequencies of all 
relevant driving situations is calculated. In 
accordance to [8] a Poisson distribution for the 
occurrence of driving situations is assumed and 
the minimal test length for the occurrence of at 
least k = 5 driving situations is calculated. After 
classification of the relevant driving scenarios the 
predefined hypotheses can be tested. Based on 
the mean distance necessary for the occurrence of 
a single event sref, the necessary distance is 
calculated for the occurrence of k events with a 
probability of P = 95 %. The probability for the 
occurrence of a driving situation is given by: 

   
  

  
     Equation (1) 

Where: 

P  Probability 

  Expectation value 

k  Number of events 

The expectation value can be obtained by: 

  
  

    
  Equation (2) 

Where: 

sref  mean distance necessary for the 

occurrence of a single event 

   Distance for k events 

For determining whether the behaviour of the 
automated driving function is within the range of 
normal driving behaviour, and furthermore to 
quantify the deviation from normal driving 
behaviour, an appropriate method has to be 
identified. Therefore the usage of the quantitative 
measure ‘effect size’ is proposed in this approach, 
which is according to [16] a simple way of 
quantifying the difference between two groups, 
that reveals many advantages over the use of 
tests of statistical significance alone. As depicted 
in [16], the effect size is a standardized mean 
difference between two groups and emphasizes 
the size of the difference rather than confounding 
this with sample size. The effect size d is 
calculated in order to estimate the deviation of 
the behaviour of the automated driving function 
compared to human driving behaviour by using 
the following equation: 

  
                        

 
             

             
 

 

 
Equation (3) 

Where: 

              Experimental mean value  

              Experimental standard deviation, 

           Reference mean value  

           Reference standard deviation 

 

User-related assessment 
User-related assessment was carried out for the 
“Traffic Jam Assist” system providing automated 
speed control and lane keeping. If a lead vehicle is 
present, the automated vehicle adapts its speed in 
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order to maintain a pre-set time distance to the 
lead vehicle. 

Due to restrictions of driving by naïve drivers in 
real traffic conditions, assessment activities were 
limited to driving on a test track by a number of 
test drivers (employees at Volvo Car Company 
with administrative duties) to be demonstrated of 
the system.  

Fifteen persons took part in the study, 12 males 
and 3 females. To collect information trust, 
usefulness, perceived advantages, disadvantages, 
acceptance, and willingness to pay for the driver 
assistance system, after driving on the test track 
and experiencing the system in action, the 
participants filled in a questionnaire. 

To assess actual trust in the system a six-item self-
report scale proposed by Merritt [17] was used. 
To evaluate the users’ perceptions of the system, 
the System Usability Scale (SUS) [18] was 
employed. The system’s Usefulness and 
Satisfactoriness was assessed using a modified 
version of the method proposed by van der Laan 
et al. [19]. 

In-traffic assessment 
The objective of the in-traffic assessment is to 
provide a generic framework for assessment of 
automated driving functions (ADF) in a complete 
range of traffic situations. For the in-traffic 
assessment, the set of test cases should resemble 
the variation found in actual real-life traffic. 
Automatically, in terms of frequency, normal 
driving scenarios are most common, while safety-
critical scenarios are rare and collision scenarios 
are close to absent, depending on the 
functionality. 

Estimates of the amount of hours that need to be 
driven by a vehicle with ADS before it can be 
regarded as being able to safely handle all 
scenarios range from one million to billions of 
hours. If not infeasible, this is at least very costly. 
Therefore, simulation based assessment should be 
used. Here, the challenge is to define proper test-
scenarios. These test-scenarios can be knowledge-
driven or data-driven [21]. A drawback of 
knowledge-based test-scenarios is that they do 
not allow to generalize the results to the 
performance of the system-under-test when 
operating in traffic, i.e. the test cases may not be 
valid or representative for real life traffic. 

Therefore, a data-driven approach is chosen, 
which allows generalization of the results.  

Within the in-traffic assessment, a way of 
assessing the in-traffic behavior of automated 
functions using parameterized scenarios which are 
extracted from recorded driving data is presented. 
These parameterized scenarios are used for 
generating test cases for Monte-Carlo simulations. 
As real driving data is used, the assessment allows 
to draw conclusions on how the ADF would 
perform in real traffic. Since the simulations allow 
for probabilistic results, there is no need to 'drive' 
all (billions of) kilometers to draw conclusions. 

The process can be roughly divided into three 
steps. The first step is referring to the collection of 
the real-life scenarios. A scenario combines the 
actions of the ego vehicle, the static environment 
(e.g. infrastructure and weather), and the ongoing 
activity of the dynamic environment (including the 
other traffic participants) for a certain period of 
time. Typically the duration of a scenario is of the 
order of seconds [21]. 

The second step concerns the generation of new 
test cases based on the recorded scenarios. First 
the scenarios are parameterized. Kernel Density 
Estimation (KDE) [22] [23] is employed to fit a 
distribution to model the scenario parameters. 
The KDE can then be used to generate new test 
cases. 

The final step is the simulation of a generated test 
case and the post-processing of the resulting data. 
The combination of generating new test cases and 
their simulation form the basis of the Monte Carlo 
Simulation approach. 

Safety impact assessment 

In AdaptIVe a virtual assessment approach is 
applied for the safety impact assessment that 
combines scenario-based stochastic simulations 
with continuous operation simulations. The 
chosen approach is illustrated in figure 4.  

The traffic scenario respectively continuous 
operation simulation works in a virtual traffic 
environment, which considers many different 
traffic participants. The virtual traffic environment 
has the objective to analyze the automated 
driving functions’ behavior in the traffic context 
considering changes in the frequency of certain 
driving scenarios. Therefore, the traffic scenario 
needs to provide a representative variation of 
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traffic context to trigger realistic variation of 
system response.  

 

Figure 4. General procedure of safety impact 
assessment of automated driving functions. 

The driving scenario simulation focuses on safety-
relevant driving scenarios, which are limited in 
time and space and represent different conflict 
types. Safety performance of human driver and 
the automated driving functions is determined 
and compared by simulating the driving scenarios 
in a replicable way. In principle, an automated 
driving function can affect nearly all accidents 
scenarios. Due to limited resources an 
investigation of the all situation is not feasible. 
Therefore, it has been decided to focus on 
relevant scenarios for the detailed analysis, the so 
called “Top scenarios”. These scenarios consider 
driving scenarios, in which the effect of 
automated driving functions is questionable 
respectively are of high relevance for the traffic 
safety, see table 2.  

Table 2.  
Top Scenarios for the safety impact assessment 

Driving Scenario 

Proportion in 

GIDAS accident 

database 

Top 1 Cut-In 16,1% 

Top 2 End in lane 1,1% 

Top 3 Obstacle in the lane 3,3% 

Top 4 Approaching traffic jam 14,4% 

Top 5 Motorway entrance 1,8% 

Top 6 Rear-end accident 15,8% 

Top 7 Single driving accident 20,6% 

 
Environmental impact assessment 
The general approach for the environmental 
impact assessment that is applied to analyse the 
considered effects (energy demand and travel 
time) is given in figure 5. It can be expected that 
different user groups will benefit in different 
manners. Therefore, the environmental impact 

assessment analyses also the benefit of different 
user groups. 

 

Figure 5. Method for environmental impact 
assessment 

The evaluation is conducted by means of 
simulation and considers different traffic 
scenarios. In each traffic scenario the effects are 
analysed for high numbers of vehicles and a 
certain road section.  

First, the relevant environmental parameters in 
dependence of the analysed function are 
identified and aggregated in relevant scenarios. 
These scenarios are forming the reference and 
thus the baseline for assessment. Afterwards, the 
automated driving function which should be 
assessed is added to the previously defined 
scenarios in order to estimate the effect in the 
scenario. The used indicators for the analysis are 
given in the table 3. 

Next to quantification of the effect per traffic 
scenario, the effects for different driver types are 
investigated. The different drivers are described 
based on the travel behaviour (km driven per year 
and proportion usage of different road types). For 
each driver type the (spatial) frequency of the 
different traffic scenarios is obtained. For this 
purpose different data sources (FOT data, traffic 
observations, questionnaires, and statistical data) 
are used. 

Table 3.  
Evaluation aspects and indicators for 

environmental impact assessment 
 

Evaluation aspect Indicators 

Energy demand Positive Kinetic Energy (PKE) 

Travel time 
Mean velocity  

Mean loss time (urban) 

Parking space Relative change in the 
number of parking spots 

Collection of 

Scenarios
Traffic Data 

Base

Accident Data 

Base

Scenario 

Model
Vehicle Model  

incl. Function 

Driver Model 

Vehicle //

Stochastic 

simulation
Results

Driving Scenario Simulation

• Key performance 
indicators

Virtual Traffic 

Environment 

Traffic 

Model
Vehicle Model  

incl. Function 

Driver Model 

Vehicle //

Stochastic 

simulation
Results

Traffic Scenario Simulation

• Relevant driving 
situations

Function 

Availability

Frequency of 

situation  and 

distance per 

Driver

fSituatio

n 1

fSituatio

n n

fSituatio

n 2…

s 1

s n

s 2

Frequency of 

situation  and 

distance per 

Driver

fSituatio

n 1

fSituatio

n n

fSituatio

n 2…

s 1

s n

s 2

Function / System

Relevant  

Traffic 

Scenario
T. 

Scenario1 

1Scenario n

Effect in 

Traffic 

Scenario

Driver type

Driver type 1

Driver type m

Driver type 2
…

Effect per 

driver type

External data

Method

Effect 

national 

/ EU-

Level

Driver 

population

Frequency of 

traffic scenarios 

and distance per 

driver type

Effect per Driver Scaling up



 

Roesener  7                                                                                                                                                                                            

Once the effect in certain driving scenarios, the 
frequency of the scenario as well as the driven 
distance per year are obtained, the effect for 
different driver types can be calculated; see Eq. 4. 
In the last step, the single results for each defined 
driver type are scaled up on national or European 
level by means of considering the driver 
population. 

                             
 
                  (Equation 4) 

KEY-RESULTS 

Technical assessment 
In this section the previously presented method 
for technical assessment is applied to the 
AdaptIVe highway demonstrators. First, the 
changes of frequency of the considered scenarios 
are analysed between human driving from 
euroFOT and automated driving. Afterwards, the 
performance of the automated driving functions is 
compared to human driving performance in the 
considered scenarios. For this assessment, 
euroFOT data [13] from 98 vehicles and in total 
8000 h of driving has been clustered in the 
considered scenarios 

Changes of frequency of relevant scenarios  

For assessment of automated driving functions 
first the changes of driving scenarios compared to 
human driving are analysed, see table 4. The 
results show that the frequencies for both lane 
change and cut-in scenarios are increasing.  

Table 4. 
Change of frequencies of the occurrence of 
driving scenarios for human and automated 

driving 
 

Indicator 
Human 
driving 

AdaptIVe 
highway 

automation 

Lane change per 
km  

0.33 km
-1

 0.39 km
-1

 

Cut-in per km 0.15 km
-1

 0.30 km
-1

 

Changes of performance in relevant scenarios 

In this section the effects of automated driving 
functions within the considered driving scenarios 
are presented. In the following the driving 
scenarios “lane change” and “vehicle following” 
are considered. The effects of automated driving 
in the scenarios are estimated by calculating the 

statistical indicators “effect size”. Regarding the 
lane change behaviour of automated driving 
functions, it turned out that there are only slight 
differences between human driving behaviour. 
While the maximum lateral acceleration shows a 
small effect of automated driving 
(effect size = 0.10), the effect concerning the 
indicator “manoeuvre time of lane change” is 
smaller (effect size = 0.18), see figures 6 and 7. 

 

Figure 6. Indicator “maximum lateral 
acceleration” in scenario lane change 

Even more, the share of lane changes with small 
durations (manoeuvre time < 3 s) can be reduced 
which leads to a more determined and predictive 
lane change manoeuvre. This leads to a driving 
behaviour of automated vehicles which can be 
more anticipated by other (human) traffic 
participants which will result in an increase of 
safety.   

 
Figure 7. Indicator “manouevre time” in scenario 
lane change 

Besides manoeuvre time and maximum lateral 
acceleration of a lane change, the time headway 
at initiation of a lane change is assessed as well, 
see figure 8. Regarding human driving from 
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euroFOT, the standard deviation is about twice as 
high compared to automated driving which leads 
to more lane change manoeuvres initiated at 
smaller time headways to the front vehicle. This 
results in an effect size of d= 0.62. 

 

Figure 8. Indicator “minimum time headway” in 
scenario lane change 

For the scenario ”vehicle following” the indicator 
time headway is assessed and compared with 
human driving behaviour. While the human driver 
population shows a time headway distribution 
with a large standard deviation, the automated 
driving function is showing a smaller standard 
deviation, see figure 9.  

 

Figure 9. Indicator “time headway” for vehicle 
following 

The small standard deviations of the automated 
driving function are leading to fewer situations 
with small headways. Hence, a positive effect on 
safety induced by automated driving is observed. 

User-related assessment 
Most participants thought that “the system was a 
competent performer” and they also had 
“confidence in the advice given by the system”. 

The majority expressed that they “can rely on the 
system to do its best every time”. Considering 
whether the driver can depend on the system the 
majority of the answers were on the “disagree” 
side and partly neutral, only one respondent 
agreed strongly that he/she can depend on the 
system. Considering the statement “I can rely on 
the system to behave in consistent ways”, most of 
the responses were in the middle, i.e. close to 
neutral, however two participants agreed 
strongly. Considering “trust in the system”, most 
of the responses were in the middle, i.e. close to 
neutral, neither agree or disagree, with two 
participants agreeing strongly. Most participants 
found the system easy to learn and use, and not 
unnecessarily complex. They were confident using 
the system and they would use the system 
frequently. However, there was not strong 
support to the statement that the “various 
functions of the system were well integrated” and 
there was not much disagreement with the 
statement that “there was too much inconsistency 
in this system”.  

The total System Usability Scale (SUS) score is 80 
which is considered high usability. On the 
Usefulness/Satisfactoriness scale, the system was 
perceived as useful (“useful”, “good”, “effective”, 
“assisting” but not “raising alertness”) and partly 
satisfactory (“pleasant”, “nice”, but not 
“desirable” or “likable”). The combined rating of 
Usefulness – Satisfactoriness is shown in figure 10. 

 

Figure 10. Combined usefulness and 
satisfactoriness rating of the “Traffic Jam Assist” 
system 
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Considering the HMI solution, the participants 
found that it was easy to activate the function 
with steering wheel paddles, they found the way 
to turn on and turn off the system intuitive and 
they felt safe when enabling the system. The 
participants felt acceleration and braking while 
the car drove itself comfortable. Concerning “the 
comfort of the steering while the car drove itself” 
and “how good the system was to drive the car on 
the whole,” there was a wide variance of answers 
and the “mean” answer cannot be differed from 
“neither comfortable nor uncomfortable”. The 
participants found that, the information given in 
the displays was understandable and the 
information given in the displays was not 
distracting. 

The participants’ answers indicate that they are 
not fully aware of the system’s limitations. There 
are clear expectations in decreased fuel 
consumption and increased driving comport 
among the respondents. The participants 
estimated the highest usage rate of the system on 
motorways in their everyday driving. The majority 
of the participants indicated that they would be 
willing to pay between 10,000 and 40,000 SEK for 
purchasing the system.  

Answering the question about what they would do 
while “driving” the autonomous car regularly, a 
wide range of answers were given, i.e. from full 
monitoring of driving to completely relaxed 
presence and doing other things than driving 
related activities.  

Some worries were expressed about relying on 
the system in real traffic – “does the car 
constantly handle new and different situations 
consistently in real traffic with a lot of drivers 
around who cannot drive a car and do a lot of 
stupid things”. Also, one respondent felt that 
driving pleasure disappears with automated 
driving. 

In-traffic assessment 
In this section, a simplified application example of 
the presented in-traffic assessment methodology 
is presented for a Traffic-Jam-Assist (TJA). Of 
particularly interest is in this case the influence of 
the Automated Driving Function on its 
surrounding traffic.  

In the example, three cars are driving behind each 
other. The first vehicle starts with a constant 
speed and after ten seconds, it decelerates to a 

new constant velocity. The third vehicle 
represents a human driver by means of the 
Intelligent Driver Model (IDM) [22]. We are 
interested in the different performance of the 
third vehicle, depending on whether the second 
vehicle is operated by a human, modeled by 
means of the IDM, or the TJA.  

Figure 11 shows an example of a velocity profile of 
the first vehicle. The velocity profile is 
parameterized using three parameters: the 
velocity reduction   , the total time of braking 
       and the end velocity     . 

 

Figure 11. Definition of braking profile of 
predecessor. 

To extract the scenarios from real-life data, 60 
hours of naturalistic driving data is used. From this 
data, approximately 3600 braking scenarios are 
extracted. KDE is employed to fit the distributions 
from which infinitely many unique test cases can 
be generated.  

In total 10000 test cases are generated and 
simulated. Six different Performance Indicators 
(PIs) are used to measure the performance of the 
third vehicle for each test case, see table 5.  

Table 5. 
Definition of the Performance Indicators (PI) 

used for the In Traffic Assessment. 
 

PI Unit Description 

    s Minimal Time-To-Collision (TTC), 
defined as the ratio of the 
clearance and the relative velocity 

  m Minimal distance 

    s Minimal Time Headway 

     m/s
2 

Minimal acceleration 

     m/s
2 

Root mean square of acceleration 

     m/s
3 

Root mean square of jerk 

For each performance indication, a Cumulative 
Probability Distribution (CDF) is constructed using 
the results of the 10000 simulations. As measure 
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of the influence of the TJA, the Kolmogorov-
Smirnov test is applied for the two different CDFs, 
i.e. the CDF of the simulations with the second 
vehicle modelled with TJA and the CDF of the 
simulations with the second vehicle modelled with 
IDM. With the Kolmogorov-Smirnov test the 
maximum difference between two CDFs is 
estimated. 

Figure 12 shows the CDF of the minimal Time-To-
Collision (TTC) between the second and third 
vehicle. As can be seen, the TTC is in general 
smaller if the second vehicle is equipped with TJA. 
This maximum difference between the two CDFs is 
0.133. The difference can be explained from the 
fact that the TJA will react later to the braking 
vehicle, compared to the IDM (mostly due to 
sensor delay) and therefore, it has to brake 
harder, which results in a lower TTC between the 
second and third car. The results for the other PIs 
are presented in table 6. 

 

Figure 12. Cumulative probabilities for the 
minimal Time-To-Collision. The second vehicle is 
modelled with TJA (blue) or IDM (red). 

Table 6. 
Results of the Kolmogorov-Smirnov tests applied 

for the different PIs 
 

PI Results 

    0.133 

  0.115 

    0.015 

     0.173 

     0.052 

     0.304 

Safety impact assessment 
For the impact assessment the described top 
scenarios have been simulated with the simulation 
environment OpenPASS, see Figure 13.  

The overall simulation results of the simulation 
show a safety benefit of the automated driven 
vehicles compared to the by the SCM-model 
driving vehicles The results are reported in detail 
in the AdaptIVe deliverable D7.3 [23]. In this 
paper only brief explanation on how the results 
are derived is given.  

 

Figure 13. Simulation of the “obstacle in the 
lane” scenario in OpenPASS. 

To analysis the safety effect of automated driving 
functions for each simulation run it has been 
analyzed, whether a collision of a relevant vehicle 
- automated or human driven – and if, at which 
time point the collision occurs. In the second step 
it analyses along the simulation flow how many 
simulation run remain without any collision. An 
example of the resulting figure in the obstacle in 
the lane scenario is given in figure 14.  

 

Figure 14. Simulation results for the “obstacle in 
the lane” scenario (automated vehicle). 

By this curves (analogue to a Kaplan-Meier 
survivorship curve) it cannot only be analyzed, 
what is the overall benefit, but also at which time 

Obstacle
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significant safety benefits occur. In the given 
example major safety effects can be observed in 
the time span from 2 s to 17 s. This is the time 
frame, at which the vehicle approaches the 
obstacle in the lane. After the relevant vehicle has 
past the obstacle only minor difference between 
both analyzed simulation configurations (human 
vs. automated driving) can be observed. The 
resulting overall benefit in terms of not having an 
accident in this example is about 28 %. 

Environmental impact assessment 
From the analysis of the different data sources 
and the clustering of the people’s driving 
behaviour driver types can be determined. They 
are defined by their driving profile, which consists 
of single traffic scenarios, e.g. intersections, new 
speed limits or free driving. Figure 15 shows the 
effect of the automated driving function on the 
mean velocity of all driver types depending on the 
daily mileage. 

 

Figure 15. Effects on the mean velocity for all 
driver types depending on the daily mileage 

The chart shows that the mean velocity, in case of 
a penetration rate of 10%, is slightly reduced for 
nearly all driver types. For a penetration rate of 
50% the mean velocity increases for the most 
driver types. Particularly for higher daily mileages 
the effect is relatively high because longer trips 
have more sections of free driving, which cause a 
continuously increase of the mean velocity for 
vehicles with an automated driving function 
compared to human drivers, whereas scenarios 
like crossings with priority rules or roundabouts 
do not raise the mean velocity because they are 
not addressed by the function. 

The following Figure 16 shows the equivalent 
effects for each driver type concerning the 
Positive Kinetic Energy (PKE). 

The effects of automated driving functions on the 
PKE are obviously stronger than the effects on the 
mean velocity. For a penetration rate of 10% the 
reduction of the PKE is, independently of the daily 
mileage, between 1% and 2%. It increases up to 
16% for driver types who drive high daily mileages 
when half of the vehicles are equipped with 
automated driving functions. 

 

Figure 16. Effects on the PKE for all driver types 
depending on the daily mileage 

To get an overall effect of the automated driving 
functions for the mean velocity and the PKE, the 
effects of the different driver types have to be 
weighted. For this, the mentioned data sources 
have been used to determine the occurrence of 
each driver type in the driver population. In 
Table 7 the effects for the entire driver population 
are given. 

Table 7. 
Overall effects of the automated driving function 

for the whole driver population 
 

 
Mean 

Velocity 

Positive 
Kinetic 

Energy (PKE) 

10% penetration -0.12% -1.54% 

50% penetration 0.53% -12.77% 

The presented results are based on data sets from 
Germany because the amount of data there is 
quite comprehensive. For other countries with a 
similar data basis the method can be adapted and 
used as well. 

 
CONCLUSIONS 
 
In this paper the comprehensive framework for 
evaluation of automated driving which has 
been developed in the European research 
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project AdaptIVe is presented. Based on a 
classification in continuous and event-based 
operating automated driving functions, the 
test tools are assigned to the several 
evaluation aspects. Thus, for technical 
assessment, the driving behaviour of the 
automated driving functions is assessed within 
a small field test and compared with human 
driving from euroFOT. The results indicate that 
the driving behaviour of the AdaptIVe 
automated driving functions is in line with 
human driving behaviour. Even more, due to 
their deterministic behaviour, their driving 
behaviour might be more predictive and thus 
increasing safety. For user-related assessment 
tests on a test track were carried out. Here, 
the results have been collected with a 
questionnaire. The test persons expressed 
some worries about relying on the system in 
real traffic. Overall, good results for 
satisfactoriness and usefulness of the system 
have been reached. Concerning the in-traffic 
assessment, a data-driven approach for 
assessing the interaction with other vehicles 
has been developed which is simulation-based. 
The results have been analysed with the 
Kolmogorov-Smirnov test. The safety- and 
environmental impact of automated driving 
functions developed in AdaptIVe has been 
analysed by using simulations. While for 
safety-impact traffic and driving scenarios are 
considered, for environmental-impact solely 
traffic scenarios have been analysed. The 
results indicate that automated driving is 
leading to a reduction of energy demand.  
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ABSTRACT 

 

In 2016, 30% of new cars sold in Sweden were fitted with All-Wheel-Drive (AWD). However, there is limited 

research on the real-life safety effects of AWD. The objectives of the present study were to: (i) calculate whether 

AWD reduces the risk of involvement in injury crashes among cars fitted with Electronic Stability Control (ESC); 

(ii) evaluate if AWD has any influence on impact severity and speed; (iii) investigate the winter tire fitment among 

AWD cars involved in injury crashes.  

 

Swedish police records for the period 2003-2016 were used (STRADA). Only cars with ESC were included. AWD 

cars (n=5220) were identified and matched with the 2-Wheel-Drive (2WD) version of the same car models 

(n=21827) or other similar 2WD cars (n=8799).  

 

Different methods were used for each objective. (i) To calculate the risk of being involved in an injury crash, an 

induced exposure approach was used, where AWD-sensitive to AWD-non-sensitive crashes and road conditions 

were matched in relation to cars with AWD and 2WD. (ii) To estimate the impact severity and speed, the paired 

comparison method for 2-car crashes was used. The relative injury risk for each group of cars was calculated by 

comparing the injury outcome for that group with the injury outcome for the vehicles they collided with. The 

relative difference between the impact severity for AWD and 2WD cars was translated into a difference of impact 

speed using the Power Model. (iii) To investigate the winter tire fitment, the present data were merged with a 

previous study also based on STRADA. In that study, additional information on winter tires fitment was collected 

from a sample of drivers using a questionnaire; 290 cases were included in the present study population. 

 

The results for roads covered with ice or snow showed that injury crashes increased by 19-31% with AWD. Similar 

results were found for head-on and single-vehicle crashes. No significant difference was found between Permanent 

and Automatic AWD. On icy or snowy roads, AWD cars had a 13-15% higher impact severity than 2WD cars, 

which corresponded to an 8-10% increase of impact speed for AWD cars. On dry or wet roads, no differences 

were found between AWD and 2WD. Although based on a limited material, the survey indicated that AWD and 

2WD cars had similar distributions of winter tires.  

 

The results suggested that AWD may lead drivers to underestimate the level of available friction on icy or snowy 

roads and therefore to drive at faster speeds than they would do with a 2WD car. Therefore it is recommended that 

AWD should not be advertised as a safety feature. The necessity of fitting AWD on a wide range of car models 

should be carefully reconsidered. AWD technologies should be further developed so that slippery road conditions 

are not disguised by the increased traction provided by AWD. 
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INTRODUCTION 

 

Several vehicle technologies have been introduced 

aimed at reducing the number of car crashes or 

mitigating impact severity, for example Electronic 

Stability Control (ESC) and Autonomous Emergency 

Braking (AEB). Previous research has shown 

significant safety benefits with ESC (Aga et al, 2003; 

Farmer 2004), especially on icy or snowy roads (Lie 

et al, 2006) and SUVs (Dang 2004; Green et al, 

2006). As of November 2014, ESC is mandatory on 

all new cars sold in Europe (EC 2008). Furthermore, 

it is estimated that ESC-fitted cars accounted for 85% 

of the total car mileage in Sweden in 2015 (STA 

2016).  

 

AEB has been shown to have large safety benefits in 

real-life conditions. Several studies have reported 

significant reductions of rear-end injury crashes with 

AEB (Cicchino 2016; Fildes et al, 2015; Isaksson-

Hellman et al, 2015; Rizzi et al, 2014). It is reported 

that in 2015 approximately 65% of new cars sold in 

Sweden were fitted with standard low-speed AEB 

(Folksam 2016a). 

 

All-Wheel-Drive (AWD) has also been considered to 

have safety benefits in terms of improved vehicle 

stability, especially on roads covered with ice or 

snow (Kubota et al, 1995; Williams 2006; Al Khoory 

Automobiles 2017; Audi 2017). While different 

nomenclatures are used to refer to AWD in general 

terms (Four-Wheel-Drive, 4x4) or brand-specific 

AWD technologies (Quattro, 4Motion, xDrive, etc.), 

there are basically 3 different types of AWD: 

 

 Permanent, or full-time AWD: all wheels are 

powered at all times. 

 Automatic, or on-demand AWD: the car is Two-

Wheel-Drive (2WD) under normal conditions, 

AWD is activated automatically when wheel-

slipping is detected (or expected as in the 

proactive automatic AWD). 

 Selectable, or part-time AWD: AWD is manually 

activated by the driver by a lever or a button. 

 

While the terms Four-Wheel-Drive or AWD vehicle 

are sometimes used to refer to SUVs (Broyles et al, 

2001; Broyles et al, 2003; Walker et al, 2006), 

several studies have shown that SUVs pose greater 

injury risks to pedestrians (Simms et al, 2005), to the 

occupants of other light passenger vehicles (Gabler et 

al, 1998; Broyles et al, 2003; Wenzel et al, 2005; 

Newstead et al, 2006) as well as their propensity to 

rollover due to their higher center of gravity (Keall et 

al, 2006). On the other hand, it has been shown that 

the risk of injury crash involvement with SUVs is 

similar to other car classes (Wenzel et al, 2005; Keall 

et al, 2008).  

 

However, to the authors’ knowledge there is limited 

previous research on the real-life safety effects of 

AWD itself, regardless of car size. A study from the 

Swedish Road Administration (SRA 2005) showed 

that AWD cars accounted for 9% of fatal crashes on 

roads covered with ice or snow during 2000-2004, 

although the share of AWD among new cars during 

1988-2004 was only 4%. However, no further 

analysis on this issue was performed, thus leaving the 

question of causality between AWD fitment and 

increased crash rate on icy or snowy roads still open. 

In spite of this fact, in 2016 14% of new cars sold in 

Europe were fitted with some kind of AWD. In 

Sweden, a 30% figure is reported (ACEA 2017), 

which stresses the need for new research on the 

safety effect of AWD on passenger cars. 

 

Another issue often reported by consumer 

organizations and magazines is that some drivers may 

believe that an AWD car may not need to be fitted 

with winter tires during the winter season (Auto 

Motor Sport 2013; Consumer Reports 2015). 

However, to the authors’ knowledge there is limited 

research on the choice of winter tires among drivers 

of AWD cars. 

 

OBJECTIVES 

 

The objectives of the present paper were as follows. 

 

1) Calculate whether AWD reduces the risk of 

involvement in injury crashes among cars 

fitted with Electronic Stability Control (ESC), 

especially on roads covered with ice or snow. 

2) Evaluate if AWD has any influence on impact 

severity and speed, compared to similar 2WD 

cars with ESC. 

3) Investigate the winter tire fitment among AWD 

cars involved in injury crashes. 

 

MATERIAL AND METHODS 

 

Material 

Police records including vehicle data for the period 

2003-2016 were acquired from the Swedish national 

accident database (STRADA). Only cars with ESC 

were included in the study (with one exception, see 

later section “consistency checks”). 

 

Cars with AWD were identified and matched with 

the 2WD version of the same car models. This 

control group is later referred to as “2WD group 

1”. Other cars in the same classes, but only 
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available with 2WD, were also included in the 

analysis as further controls, later referred to as 

“2WD group 2”. For the sake of clarity, an 

example is presented. A common AWD car in the 

present material was the Volvo V70 II AWD. This 

car would be compared with: 

 2WD group 1 − Volvo V70 II 2WD  

 2WD group 2 − Saab 9-5 (98-09)  

 

To ensure the comparability of AWD and 2WD 

cars, high-performance and police versions were 

excluded (these accounted for 7% of the material). 

Furthermore, Selectable AWD, which is mostly 

fitted on large SUVs and pick-up trucks, was also 

excluded due to the limited number of cases 

involving the 2WD versions of those cars. A 

detailed list of all car models included in the 

analysis is given in Table B in the Appendix. In 

total, more than 80 car models from 22 different 

manufacturers were analyzed. 

 

Table 1. 

Number of injury crashes used in the analysis 

 

  AWD 
2WD 

group 1 

2WD 

group 2 

all injury crashes 5220 21827 8799 

2-car injury crashes 2146 8602 3530 

 

Objective 1: calculating the risk of being 

involved in an injury crash 

The present study used an induced exposure approach 

to compare the risk of being involved in an injury 

crash with and without AWD. This method is suitable 

when the true exposure is unavailable (Evans 1998; 

Lie et al, 2006; Strandroth et al, 2012) and is based 

on identifying at least one crash type or condition in 

which AWD can be reasonably assumed (or known) 

to be ineffective. Then, the relation between cars with 

and without AWD in a non-affected situation would 

be considered as the true exposure relation. The 

effect of AWD is considered to be zero if R in 

Equation 1 is equal to 1. 

 

R =
AAWD

NAWD

÷
Ano−AWD

Nno−AWD

          (Equation 1) 

 

AAWD = number of crashes sensitive to AWD, 

involving cars with AWD 

Ano−AWD = number of crashes sensitive to AWD, 

involving cars without AWD 

NAWD = number of crashes non-sensitive to AWD, 

involving cars with AWD 

Nno−AWD = number of crashes non-sensitive to 

AWD, involving cars without AWD 

 

The effectiveness in reducing crashes in relation to 

non-sensitive crashes was calculated as follows: 

 
E = 100 × (1 − R)%          (Equation 2) 

 

The standard deviation of the effectiveness was 

calculated on the basis of a log odds ratio variance, 

see below (Evans 1998).  

 

Sd (ln R) = √
1

AAWD

+  
1

Ano−AWD

+
1

NAWD

+
1

Nno−AWD

   (Eq. 3) 

 

The 95% confidence limits are given below. 

 
R  LOWER = R × exp (1,96 × Sd)         (Equation 4) 

 

R  UPPER =
R

exp (1,96 × Sd)
          (Equation 5) 

 

In the present study, these calculations were 

performed on specific crash types as well as on all 

injury crashes (i.e. a crash leading to at least one 

injured road user, not necessarily the occupants of the 

studied cars). Similarly to previous studies on ESC 

(Lie et al, 2006), rear-end crashes were considered to 

be non-sensitive to AWD. Different road conditions 

were analysed, as the largest difference between 

AWD and 2WD was expected on roads covered with 

ice or snow.  

 

Consistency checks  

In order to verify the strength of the present material, 

the effectiveness of ESC in reducing injury crashes 

was calculated using one specific car model (Volvo 

V70/XC70/S80 00-06). This was done using the 

same induced exposure method explained above, for 

the AWD as well as 2WD versions of that particular 

car, see Table 2. The results were then compared with 

a previous study also based on STRADA (Lie et al, 

2006).  

 

Table 2. 

Number of injury crashes involving the Volvo 

V70/XC70/S80 00-06 

 
  AWD 2WD 

ESC 403 2254 

no ESC 865 5272 

 

Objective 2: estimating the impact severity and 

impact speed 

The calculation method is described in detail by 

Hägg et al (1992; 2001). A brief description is 

outlined below.  
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The impact severity was calculated using the paired 

comparison method for 2-car crashes. By studying 2-

car crashes in which both cars have been involved in 

the same impact, the paired comparison method can 

control for variation in impact severity apart from the 

influence of car mass. The relative injury risk for a 

specific group of vehicles is calculated by comparing 

the injury outcome for that group with the injury 

outcome for the vehicles they collided with. In 2-car 

crashes, mass differences can influence the relative 

injury risk, because they alter the impact severity 

distribution between the groups. This can be taken 

into account in the model and the influence of mass 

on the relative injury risk can be controlled for. 

 

Using the paired comparison method, crash outcomes 

in 2-car crashes are grouped as follows (see Table 3), 

where: 

 

 x1 is the number of crashes with injuries in both 

cars 

 x2 is the number of crashes with injuries in the 

case car only 

 x3 is the number of crashes with injuries in the 

other vehicle only 

 x4 when no one is injured in the crash (often 

little or no data are available here) 

 

In calculating relative risk, x4 is not used because it 

does not add any important extra information. The 

collision partners are considered to be a sample of the 

whole car population and therefore provide the 

exposure basis to allow comparisons across all case 

vehicles. 

 

Table 3. 

Grouping of crashes into x1, x2, and x3 sums 

 
    Other vehicle 

    Injured Not injured 

Case 

vehicle 

Injured x1 x2 

Not injured x3 x4 (unknown) 

 

Some factors, apart from the design, may influence 

the relative injury risk for a car model. Three factors 

can be introduced:  

 

s = impact severity factor  

m = mass relation factor  

a = structural aggressivity factor  

 

The mass of a particular car model will have an 

influence of its relative injury risk in 2-car crashes. 

The change of velocity for a car model will be lower 

than the change of velocity for its collision partner if 

its mass is higher than its collision partner. It will 

result in an advantage for the case car and a 

disadvantage for the collision partner. The 

disadvantage for the other car can be regarded as 

aggressivity due to the increased mass of the case car. 

The aggressivity due to the structure and geometry of 

the case car may influence the results as well. Here, it 

is defined as the influence on injury risk for the other 

vehicle due to the structure and geometry of the case 

vehicle.  

 

The estimate x1/(x1+x2) of the injury risk for the 

other vehicle (p2) was used to calculate the impact 

severity factor (s). The differences in the measured 

ratio will differ depending on the influence of the 

three factors m, a and s. As the estimate of the injury 

risk for the other vehicle should be equal for all car 

models, the difference between the average estimate 

and the one for each car group depends on the three 

factors. Since the AWD and 2WD cars were very 

similar (if not the same), the aggressivity factor was 

assumed to be equal. The mass factor m was 

calculated as shown in Hägg (2001). The impact 

severity factor s was calculated as follows: 

 

𝑠 =
𝑝2 𝑐𝑎𝑟

𝑝2 𝑎𝑣𝑒𝑟𝑎𝑔𝑒

× 𝑚            (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6) 

 

Where p2 car is the injury risk for the other vehicle 

in crashes involving a specific group of car models, 

and p2 average is the injury risk for the other vehicle 

in all 2-car crashes. 

 

The relative difference between the impact severity 

factor s for AWD and 2WD cars was calculated. 

Finally, that relative difference was directly 

translated into a difference of impact speed using the 

Power Model. This model is thoroughly described in 

several publications (Nilsson 2004; Elvik 2009; Elvik 

2013) and just a brief description is given here. The 

Power Model describes a mathematical relationship 

between changes in the mean speed of traffic and 

changes in the number of crashes or injured road 

users. The general form of the Power Model is as 

follows (Elvik 2013): 

 

𝑐𝑟𝑎𝑠ℎ𝑒𝑠 𝑎𝑓𝑡𝑒𝑟 = 𝑐𝑟𝑎𝑠ℎ𝑒𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 × (
𝑠𝑝𝑒𝑒𝑑 𝑎𝑓𝑡𝑒𝑟

𝑠𝑝𝑒𝑒𝑑 𝑏𝑒𝑓𝑜𝑟𝑒

)

𝐸𝑋𝑃𝑂𝑁𝐸𝑁𝑇

 

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7) 
 

Where the exponent to use depends on whether the 

number of crashes or injured road users are being 

calculated, and on their severity. For all injury 

crashes regardless of traffic environment, the best 

estimate of the exponent is reported to be 1,5 (Elvik 

2009), see Table 4. 
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Table 4. 

The Power Model based on a 1,5 exponent 

 
change in speed change in injury risk 

1 % 1,5 % 

2 % 3,0 % 

3 % 4,5 % 

4 % 6,1 % 

5 % 7,6 % 

6 % 9,1 % 

7 % 10,7 % 

8 % 12,2 % 

9 % 13,8 % 

10 % 15,4 % 

11 % 16,9 % 

12 % 18,5 % 

13 % 20,1 % 

14 % 21,7 % 

15 % 23,3 % 

 

Objective 3: winter tires fitment 

STRADA does not include any information on type 

of tires. Therefore, data from a previous study based 

on STRADA were merged with the present AWD 

fitment data (Strandroth et al, 2015). In that study, 

police-reported rear-end injury crashes involving 

passenger cars during 2008-2014 were included. The 

study was limited to crashes occurring in the winter 

period in Sweden (October-March). Winter tires are 

mandatory on roads covered with ice or snow in the 

period December 1st to March 31st. In Strandroth et al 

(2015), only 2-car crashes were included (n=4239). 

Additional information was collected from a sample 

of drivers using a questionnaire designed as a 

postcard (A5-size) with four questions. The overall 

response rate was 17 %, thus providing information 

on winter tires fitment for 717 2-car injury crashes, 

290 of which were included in the present study 

population.  

 

To ensure confidentiality of the respondents, only 

information regarding the winter tire fitment was 

transferred from the survey responses to the crash 

data sample. Respondents and crashes were matched 

with an identification key which was later deleted. 

Ethical approval was given on March 4, 2013. 

 

RESULTS 

 

Objective 1: calculating the risk of being 

involved in an injury crash 

Overall, the induced exposure calculations showed 

a negative effect of AWD on roads covered with ice 

or snow (Table 5), and no difference in dry or wet 

surfaces (Table 6). More specifically, injury 

crashes were found to increase by 19-31% with 

AWD on icy or snowy roads. Similar results were 

found for head-on and single-vehicle crashes. No 

significant difference was found between 

Permanent and Automatic AWD on roads covered 

with ice or snow, with a negative point estimate 

around 25% for both technologies. The specific 

results for mid-size and large cars were in line with 

the overall results, although with lower statistical 

power.  

On dry or wet roads, no differences were found 

between AWD and 2WD, regardless of crash type, 

car class or AWD type. 

 

Table 5. 

The reduction of injury crashes with AWD on roads covered with ice or snow, for different crash types, 

car classes and AWD types. Negative values indicate an increase of injury crashes (see Eq. 1-5) 

 
roads covered with ice or snow 

car class 
non-sensitive 

crashes 

sensitive 

crashes 
AWD type 2WD type 

2WD group 1 2WD group 2 

E 95% CI E 95% CI 

all  
rear-end 
struck 

all other injury 
crashes 

all all -23% -52% -1%       

all FWD only -30% -61% -5% -30% -65% -2% 

all  all rear-end 
all other injury 

crashes 

all all -19% -41% -1%       

all FWD only -21% -44% -1% -31% -59% -8% 

all  
rear-end 

struck 

head-on and 

single-vehicle 

all all -15% -44% 9%       

all FWD only -21% -53% 5% -41% -84% -8% 

all  
rear-end 

struck 

all other injury 

crashes 

permanent FWD only -24% -70% 9% -24% -73% 11% 

automatic FWD only -25% -64% 4% -25% -67% 6% 

all  
rear-end 
struck 

head-on and 
single-vehicle 

permanent FWD only -20% -70% 15% -40% -102% 3% 

automatic FWD only -13% -52% 16% -31% -81% 5% 

mid-size and 

large cars 

rear-end 

struck 

all other injury 

crashes 

all all -22% -54% 4%       

all FWD only -31% -69% -2% -30% -70% 1% 

mid-size and 
large cars 

rear-end 
struck 

head-on and 
single-vehicle 

all all -15% -49% 12%       

all FWD only -25% -66% 5% -47% -99% -9% 
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Table 6. 

The reduction of injury crashes with AWD on dry or wet roads, for different crash types, car classes and 

AWD types. Negative values indicate an increase of injury crashes (see Eq. 1-5) 

 

dry or wet roads 

car class 
non-sensitive 

crashes 
sensitive crashes AWD type 2WD type 

2WD group 1 2WD group 2 

E 95% CI E 95% CI 

all  rear-end struck 
all other injury 

crashes 

all all 4% -4% 11%       

all FWD only 1% -8% 9% 2% -8% 11% 

all  all rear-end 
all other injury 

crashes 

all all 0% -7% 7%       

all FWD only -3% -11% 5% 5% -3% 13% 

all  rear-end struck 
head-on and 

single-vehicle 

all all 2% -8% 11%       

all FWD only -1% -12% 9% 1% -10% 12% 

all  rear-end struck 
all other injury 

crashes 

permanent FWD only 0% -14% 13% 1% -14% 14% 

automatic FWD only 2% -9% 12% 3% -9% 13% 

all  rear-end struck 
head-on and 

single-vehicle 

permanent FWD only -2% -20% 13% 1% -17% 16% 

automatic FWD only 0% -14% 12% 2% -12% 14% 

mid-size and 

large cars 
rear-end struck 

all other injury 

crashes 

all all 3% -7% 12%       

all FWD only -2% 8% -13% 2% -10% 12% 

mid-size and 
large cars 

rear-end struck 
head-on and 

single-vehicle 

all all 0% -12% 11%       

all FWD only -8% -22% 5% 1% -13% 13% 

 

Consistency checks 
The analysis showed that the effectiveness of ESC in 

reducing all injury crashes ranged between 17% in 

dry or wet surfaces to 29% on icy or snowy 

conditions. The overall reduction of all injury crashes 

was 20% (see Table 7). These results were well in 

line with previous research also based on STRADA: 

Lie et al (2006) reported a 17% (± 9%) reduction of 

all crashes (excluding rear-end) with ESC.  

 

Table 7. 

The effectiveness of ESC in reducing injury 

crashes involving the Volvo V70/XC70/S80 00-06. 

Estimates are in relation to all rear-end crashes 

 
 E 95% CI 

roads covered with ice or snow 29% 1% 49% 

dry or wet roads 17% 6% 26% 

all road conditions 20% 11% 28% 

 

Although the statistical power was limited, further 

analysis of the Volvo V70/XC70/S80 00-06 showed 

that AWD without ESC increased the number of 

injury crashes on icy or snowy roads by 11% (see 

Figure 1), compared to 2WD. Interestingly, it was 

also found that on ice or snow the R-value (see Eq. 1) 

for the 2WD version without ESC was very similar to 

the AWD version with ESC.  

 

On dry or wet roads, no differences between AWD 

and 2WD were found for this particular car model. 

 
Figure 1. R-values (see Eq. 1) for the 2WD and 

AWD versions of the Volvo V70/XC70/S80 00-06 

with and without ESC (all injury crashes).  

 

Objective 2: estimating the impact severity and 

impact speed 

Overall, the results showed higher impact severity for 

AWD cars on roads covered with ice or snow: 

compared to the 2WD group 1, the relative difference 

ranged between 13% and 15% (see Table 8). This 

corresponded to an 8-10% higher impact speed for 

AWD cars on icy or snowy roads. The findings of 

mid-size and large cars were in line with the overall 

results. 

 

On dry or wet roads, no differences between AWD 

and 2WD were found. 
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Table 8. 

Impact severity and difference in impact speed for AWD and 2WD cars for different crash types, car classes 

and road conditions. Relative differences were calculated in relation to “2WD group 1”  

 

car class crash types road condition   
n 

crashes 

mean curb weight 

(kg) 
impact severity  difference 

in impact 

speed case car 
other 

car 

factor 

(s) 

rel diff 

group 1 

all all 
roads covered 

with ice or snow 

AWD 479 1746 1497 1,12 15% 10% 

2WD group 1 1330 1571 1480 0,97 - - 

2WD group 2 604 1476 1473 0,97 0% 0% 

all all dry or wet roads 

AWD 1571 1760 1486 0,95 1% 1% 

2WD group 1 6870 1570 1475 0,94 - - 

2WD group 2 2742 1468 1469 0,98 4% 2% 

all 
all excl. rear-

end struck 

roads covered 

with ice or snow 

AWD 416 1744 1496 1,17 14% 9% 

2WD group 1 1111 1573 1480 1,03 - - 

2WD group 2 515 1477 1473 1,04 1% 1% 

all 
all excl. rear-

end struck 
dry or wet roads 

AWD 1221 1756 1485 1,04 1% 1% 

2WD group 1 5314 1569 1476 1,02 - - 

2WD group 2 2154 1467 1471 1,07 4% 3% 

mid-size and 
large cars 

all 
roads covered 

with ice or snow 

AWD 360 1743 1503 1,14 14% 9% 

2WD group 1 983 1629 1475 1,00 - - 

2WD group 2 441 1493 1477 1,01 -3% -2% 

mid-size and 
large cars 

all dry or wet roads 

AWD 1065 1747 1481 0,94 0% 0% 

2WD group 1 5030 1626 1470 0,94 - - 

2WD group 2 1981 1483 1467 0,97 4% 2% 

mid-size and 

large cars 

all excl. rear-

end struck 

roads covered 

with ice or snow 

AWD 310 1743 1501 1,19 13% 8% 

2WD group 1 824 1631 1474 1,06 - - 

2WD group 2 372 1495 1476 1,04 -1% -1% 

mid-size and 

large cars 

all excl. rear-

end struck 
dry or wet roads 

AWD 839 1745 1482 1,03 2% 1% 

2WD group 1 3907 1624 1470 1,01 - - 

2WD group 2 1562 1482 1470 1,05 4% 3% 

 
Objective 3: winter tires fitment 

The survey showed very similar distributions of tire 

types across the included AWD and 2WD cars. 

Overall, studded winter tires were the most common 

(approximately 50%), followed by non-studded 

winter tires. Only a few cases included all-season 

tires. Surprisingly, the share of summer tires was 

10% for AWD cars and 18% for 2WD cars, 

respectively.  

 

Table 9. 

Distribution of tire types among AWD and 2WD 

cars with ESC in the survey 

 
  AWD 2WD 

studded winter tires 50% 46% 

non-studded winter tires  38% 30% 

all season tires 0% 2% 

summer tires 10% 18% 

unknown 2% 3% 

Total % 100% 100% 

Total n 42 248 

 

DISCUSSION 

 

It is important to evaluate the safety benefits of 

vehicle technologies in real-life conditions to make 

prioritization decisions and provide guidelines for 

consumers. Many safety systems have been proven to 

be effective, for instance ESC and AEB, while others 

have been shown to give limited benefits or none at 

all, for example ABS on passenger cars (HLDI 1994, 

Kullgren et al, 1994). While several studies have 

investigated different safety concerns related to 

SUVs (Broyles et al, 2003; Walker et al, 2006; 

Simms et al, 2005; Gabler et al, 1998; Wenzel et al, 

2005; Newstead et al, 2006; Keall et al, 2008), to date 

no study has analyzed the real-life safety effects of 

All-Wheel-Drive (AWD), compared with Two-

Wheel-Drive (2WD). While the Swedish Road 

Administration (2005) has reported an 

overrepresentation of AWD cars in fatal crashes on 

roads covered with ice or snow, the causality between 

AWD fitment and crash rate was not investigated. 

Using an induced exposure approach, the present 

study clearly showed that AWD gave a negative 
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effect on roads covered with ice or snow, with a 

statistically significant increase of injury crashes 

ranging between 19% and 31%. On dry or wet roads, 

however, no significant difference was found.  

 

To be able to understand and explain why, further 

analyses were performed (Objective 2). By using 

paired comparisons, it was possible to show that 

AWD cars had 13-15% higher impact severity on 

roads covered with ice or snow, compared to the 

same 2WD models. By using the Power Model (Elvik 

2013), it was calculated that AWD cars crashed on 

ice or snow with an 8-10% higher impact speed, 

compared with similar 2WD cars. Clearly, this would 

imply higher injury risks for the occupants of the 

other vehicles as well. On dry or wet roads, however, 

no differences between AWD and 2WD were found.  

 

A possible explanation for these results is some kind 

of behavioral adaptation. Since AWD is an optional 

feature on the cars included in this study, it is well-

understood that drivers who chose to purchase these 

technologies may be different from those who did not 

(i.e. selective recruitment). For instance, it could be 

hypothesized that drivers of AWD cars could 

generally be more aggressive drivers. If this was the 

case, though, it would be logical to expect at least the 

same (or even greater) differences in crash rate and 

impact speed on dry road surfaces. However, this was 

not case, thus suggesting that AWD may lead drivers 

to underestimate the level of available friction on icy 

or snowy roads and therefore to drive at faster speeds 

than they would do with a 2WD car. Previous 

research that supports this explanation (Kubota et al, 

1995) measured the maximum speed at which 6 

drivers were subjectively comfortable driving on a 

closed test track with different road conditions. It was 

found that the comfort zone with AWD implied a 

10% higher driving speed than with 2WD, and it was 

concluded that AWD improves driver confidence and 

a feeling of driving safety. While these were 

conceivable conclusions, the question is whether that 

translates in an actual safety improvement? Based on 

the results of the present study, the answer is 

negative. Clearly, it should be kept in mind that under 

normal driving conditions an AWD car cannot 

decelerate more effectively than a 2WD car. 

 

Theoretically, the present results could be explained 

by different fitment of winter tires among AWD cars. 

For example, a larger share of summer tires among 

AWD cars during the winter season could explain, at 

least in part, why AWD cars had a larger injury crash 

involvement on icy/snowy roads and the same on 

dry/wet roads. On the other hand, it could be less 

intuitive to explain that the higher impact severity 

among AWD cars on ice and snow was due to a 

larger share of summer tires among AWD cars. To 

clarify this issue, a previous survey was used 

(Objective 3, see Strandroth et al, 2015), showing 

almost identical distributions of tire types. Although 

based on a limited number of cases, at this stage there 

is no reason to believe that the winter tire fitment 

confounded the overall results to any large degree. 

 

To further verify the consistency of the present 

material, additional checks were made by calculating 

the effectiveness of ESC in reducing injury crashes. 

Comparison with previous research based on the 

same source (STRADA) indicated that the results 

were very similar, thus suggesting that the present 

material did not include any major miscoding or bias. 

However, there are some limitations that are 

important to discuss. First of all, police data were 

used. While these are known to suffer from a number 

of quality issues (Farmer 2003), it was assumed that 

these limitations would affect both the AWD and 

2WD groups equally, therefore it was not expected to 

affect the overall results to any large degree.  

 

Often a critical issue in real-life evaluations of safety 

technologies is to obtain the exposure. In the present 

paper, indirect methods were used, i.e. the exposure 

was derived from the actual crash data. While it may 

be possible to obtain data based on real exposure, the 

data may include confounding factors, for instance 

selective recruitment, as mentioned above, or age, 

gender and use in different geographical regions. If 

crash rates are calculated based on real exposure (i.e. 

number of crashes divided by number of registered 

vehicle, or vehicle mileage) it is essential to control 

for possible confounders, as done in for instance 

Teoh et al (2011). However, adopting an induced 

exposure approach would normally address this issue, 

as the result was given by the relative differences 

within the AWD and 2WD crash populations. 

Basically, even though a variable is known to affect 

the overall crash or injury risk (say driver age), the 

same variable can only confound the induced 

exposure results by deviating from the overall 

sensitive/non-sensitive ratio. If this is found to be the 

case, the case group can be stratified into different 

subgroups for further analysis. The induced exposure 

calculations can be adjusted for confounders, as 

suggested by Schlesselman (1982), for instance by 

calculating the weighted average of the individual 

odds ratios. However, it was argued that this 

procedure was not necessary in the present research; 

the cases and controls were very similar in terms of 

age, speed areas etc. (see Table A in the Appendix), 

and therefore it would not have had any major effect 

on the overall results. 
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A limitation is that the questionnaire did not ask 

participants about the brand of their tires. Consumer 

tests have shown that, given a certain type of winter 

tire, there may be great differences between premium 

and budget brands (Folksam 2016b). Also, certain 

vehicle types with AWD have large or wide wheel 

dimensions. AWD cars may also be more sensitive 

for uneven wear between tires. The cost for new tires 

on those cars can be high and it may be tempting to 

choose budget or all season tires with less braking 

performance on snow and ice. While these aspects 

could not be investigated with the present material, it 

is recommended that future research should look 

deeper into this issue. 

 

While the present findings showed no difference 

between Permanent and Automatic AWD (see Table 

5 and 6), it should be kept in mind that Selectable 

AWD was not included in the study. This was mainly 

due to the limited number of cases involving the 

2WD versions of SUVs and pick-up trucks with 

Selectable AWD. A further reason was that it was not 

possible to known whether those cars were used in 

2WD or AWD mode at the time of the crash.  

 

In summary, the present paper analyzed the real-life 

safety effects of AWD on passenger cars and found 

consistent evidence suggesting that AWD leads 

drivers to underestimate the level of available friction 

on icy or snowy roads, thus increasing their injury 

crash rate by 19-31%. While these important results 

imply that AWD shall not be considered as a safety 

feature, it should be kept in mind that AWD does 

have benefits in terms of improved traction compared 

to 2WD cars, for instance on icy up-hills, snowdrifts 

and, depending on the vehicle, in off-road driving. In 

some regions of the world these aspects may be very 

important and therefore should not be regarded as 

secondary. However, further research is needed to 

gain a better understanding of the behavioral 

adaptation mechanisms which may lay behind the 

present findings and to develop effective 

countermeasures. Theoretically, it should be possible 

to further develop AWD technologies so that slippery 

road conditions are not disguised by the AWD 

traction. For instance, it is possible that AWD with 

only low-speed functionalities (i.e. the car is strictly 

2WD at higher speeds) could address this issue by 

giving drivers more direct feedback on the actual 

friction and still detain the AWD traction at low 

speeds. It is also possible that already existing 

Selectable AWD systems without center differential 

(designed mostly for low-speed driving on surfaces 

with low friction) could somehow have this 

functionality when properly used. Unfortunately, 

these technologies could not be included in the 

present study and should be further investigated in 

future research. Another possible countermeasure to 

help drivers of AWD cars understanding the level of 

available friction on icy or snowy roads could be a 

low-friction warning system. While such 

technologies still need to be developed and 

implemented, previous research based on driving 

simulator tests has reported promising results 

(Kircher et al, 2009). It is recommended that the 

future development of AWD technologies should 

focus on finding a proper solution to address the need 

for traction in certain conditions without sacrificing 

safety in all others. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

In the present study, Swedish police records were 

analyzed and expanded with a limited survey to 

obtain information regarding the fitment of winter 

tires. Only ESC-fitted cars were analyzed. The 

findings were as follows. 

 

 On roads covered with ice or snow, injury 

crashes increased by 19-31% with AWD. 

Similar results were found for head-on and 

single-vehicle crashes. No significant 

difference was found between Permanent and 

Automatic AWD. 

 On icy or snowy roads, AWD cars had a 13-15% 

higher impact severity, compared to 2WD cars. 

Based on the Power Model, this corresponded to 

an 8-10% higher impact speed for AWD cars. 

 On dry or wet roads, no differences were found 

between AWD and 2WD, regardless of crash 

type, car class or AWD type. 

 Although based on a limited material, the survey 

indicated that AWD and 2WD cars had similar 

distributions of winter tires. 

 Overall, the results suggested that AWD may 

lead drivers to underestimate the level of 

available friction on icy or snowy roads and 

therefore to drive at faster speeds than they 

would do with a 2WD car. 

 Based on these findings, it is recommended that 

car manufacturers should not advertise AWD as 

a safety feature.  

 The necessity of fitting AWD on a wide range of 

car models should be carefully reconsidered. 

AWD technologies should be further developed 

so that slippery road conditions are not disguised 

by the improved traction provided by AWD. 

 At the present stage, consumers should be 

advised to purchase an AWD car only because of 

particular needs (for instance driving up icy hills) 
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and should receive clear information regarding 

the safety drawback of AWD on roads covered 

with ice or snow (i.e. higher speeds). 

 Insurance companies should consider including 

drivetrain among the parameters influencing the 

car insurance premium, at least in those regions 

where snow or ice are common.  
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APPENDIX 

 

Table A. 

Overview of the material used for analysis 

 

  all injury crashes 2-car injury crashes 

  AWD 
2WD 

group 1 

2WD 

group 2 
AWD 

2WD 

group 1 

2WD 

group 2 

n 5220 21827 8799 2146 8602 3530 

Car class             

Supermini <1% <1% - <1% <1% - 
Small car 8% 24% 27% 8% 23% 28% 

Mid-size car 24% 22% 49% 24% 22% 48% 

Large car 46% 50% 24% 46% 51% 24% 
Large MPV 0% 1% - 0% 1% - 

Small SUV 14% 3% - 14% 3% - 

Large SUV 8% <1% - 8% <1% - 
Total % 100% 100% 100% 100% 100% 100% 

              

mean MY 2008,0 2007,4 2007,4 2008,3 2007,5 2007,4 

mean power/curb weight (kW/kg) 0,073 0,070 0,066 0,073 0,070 0,066 

Driver age             

18-24 12% 14% 10% 12% 14% 10% 

25-34 17% 20% 19% 18% 21% 19% 
35-44 25% 22% 22% 26% 23% 23% 

45-54 21% 19% 17% 20% 19% 18% 

55-64 14% 13% 15% 14% 13% 15% 
65-74 6% 6% 9% 6% 6% 9% 

75+ 2% 2% 4% 2% 2% 4% 

unknown 3% 3% 3% 2% 2% 2% 
Total % 100% 100% 100% 100% 100% 100% 

Speed area (km/h)             

<50 6% 7% 6% 5% 6% 6% 
50-60 32% 35% 36% 38% 41% 41% 

70-80 24% 23% 24% 24% 22% 23% 

90 10% 9% 10% 9% 8% 8% 
100+ 11% 9% 8% 9% 8% 7% 

unknown 18% 17% 16% 15% 14% 14% 

Total % 100% 100% 100% 100% 100% 100% 

Crash type             

Head-on 10% 8% 8% 14% 12% 12% 

Intersection 23% 22% 23% 43% 41% 43% 

Rear-end striking 13% 14% 13% 17% 19% 17% 
Rear-end struck 21% 22% 22% 21% 22% 21% 

Single-vehicle 12% 13% 12% 0% 0% 0% 

Pedestrian/bicycle 14% 15% 16% 0% 0% 0% 
Wildlife 2% 2% 2% 0% 0% 0% 

Other 5% 5% 5% 5% 6% 6% 
Total % 100% 100% 100% 100% 100% 100% 
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Table B. 

Car models used for analysis 
 

Car model Car class AWD 

2WD 

group 1 

2WD 

group 2 AWD model AWD type 

Limit for 

performance 

version 

kW/curb 

weight  
FWD RWD FWD 

Alfa Romeo 156 98-05 small car 1 20    Q4 permanent 156 2,5 V6 24 0,100 

Audi A3 97-03 small car 35 747    Quattro automatic S3 0,102 

Audi A3 03-13 small car 70 393    Quattro automatic A3 3,2 0,109 

Audi A3 12- small car 9 38    Quattro automatic S3 0,144 

Audi A4 01-07 mid-size car 637 496    Quattro permanent A4 2,0 TS 0,104 

Audi 08-15 mid-size car 260 374    Quattro, Allroad permanent A4 3,0 TDI 0,102 

Audi A5 07- mid-size car 40 79    Quattro permanent A5 Coupe 3,0 TDI 0,104 

Audi A6 98-05 large car 266 161    Quattro, Allroad permanent A 6 3,2 FSI 0,106 

Audi A6 05-11 large car 212 405    Quattro, Allroad permanent A6 3,2 FSI 0,109 

Audi A6 11- large car 61 97    Quattro, Allroad permanent A6 2,0 TFSI 0,103 

Audi TT 98-02 supermini 4 36    Quattro automatic TT 1,8 Q 0,109 

Audi TT 06-14 supermini 2 1    Quattro automatic TT Coupe 2,0T 0,110 

BMW 3 Series 98-05 mid-size car 12   733  xi, xd permanent 330CI Coupe 0,113 

BMW 3 Series 05-12 mid-size car 68   692  xi, xd, xDrive automatic 330 D 0,107 

BMW 3 Series 12- mid-size car 2   126  xDrive automatic 330 0,108 

BMW 5 Series 04-09 large car 49   598  xi, xd, xDrive automatic 530 I  0,114 

BMW 5 Series 10- large car 28   213  xDrive automatic 530 D 0,111 

BMW X1 10-15 small SUV 59   17  xDrive automatic - - 

Chevrolet Captiva 07-11 large SUV 38 5    AWD automatic - - 

Chevrolet Trax 13- small SUV 2 1    AWD automatic - - 

Citroen Berlingo/Peugeot Partner 08- small car 6 369    4x4 permanent - - 

Ford Focus II 05-11 mid-size car       969 only FWD - Focus ST 0,119 

Ford Focus III 11- mid-size car       169 only FWD*  - Focus ST 0,121 

Ford Kuga 13- small SUV 2 3    4x4 automatic - - 

Ford Mondeo 07-14 large car       319 only FWD - Mondeo 2,5 T 0,103 

Honda CR-V 12- small SUV 20 2    4WD automatic - - 

Hyundai I30 07-11/Kia Ceed 07-11 small car       782 only FWD - - - 

Hyundai I30 12-/Kia Ceed 12- small car       212 only FWD - Ceed GT 0,108 

Hyundai I40 11-/Kia Optima 12-15 large car       66 only FWD - - - 

Hyundai IX35 10-/Kia Sportage 11-15 small SUV 70 113    4WD automatic - - 

Mazda 6 13- mid-size car 1 13    AWD automatic - - 

Mazda CX-5 12- small SUV 16 3    AWD automatic - - 

Mercedes B Class 12- small car 2 83    4Matic permanent B 250 0,105 

Mercedes C Class 00-06 mid-size car 4   396  4Matic permanent C 280 0,104 

Mercedes C Class 07-13 mid-size car 1   267  4Matic permanent C 350 0,120 

Mercedes E Class 96-01 large car 5   383  4Matic permanent E 320 V6 0,104 

Mercedes E Class 02-09 large car 17   618  4Matic permanent E 350 0,106 

Mercedes E Class 09- large car 5   287  4Matic permanent E 350 0,124 

Mitsubishi Outlander/Citroen C-

Crosser/Peugeot 4007 08- 
small SUV 95 2    4x4, AWD 

selectable w/ 

auto opt 
- - 

Nissan Juke 11- small SUV 5 51    4x4 
selectable w/ 

auto opt 
- - 

Nissan Qashqai 07-13 small SUV 75 220    4x4 
selectable w/ 

auto opt 
- - 

Nissan Qashqai 14- small SUV 1 28    4x4 
selectable w/ 

auto opt 
- - 

Nissan X-trail 04-07 small SUV 105 1    4x4 
selectable w/ 

auto opt 
- - 

Opel Insignia 09- large car 18 72    4x4 automatic Insignia 2,8 V6 T 0,107 

Opel Mokka 12- small car 1 11    AWD automatic - - 

Peugeot 307 01- small car       1144 only FWD - - - 

Peugeot 308 07-12 small car       189 only FWD - 308 GTI 0,100 

Peugeot 308 13- small car       51 only FWD**  - - - 

Saab 9-3 03-12 mid-size car 6 1112    9-3X automatic 9-3 Aero 0,100 

Saab 9-5 98-09 large car       1253 only FWD - 9-5 Aero 2,3 TS 0,105 

Saab 9-5 10-12 large car 3 6    XWD automatic 9-5 Turbo6 2,8T 0,111 

Seat Leon III 12- small car 1 26    4Drive automatic - - 

Skoda Octavia 05-12 small car 112 694    4x4, Scout automatic Octavia RS 2,0 TFSI 0,099 

Skoda Octavia 13- mid-size car 25 42    4x4, Scout automatic Octavia RS TSI 0,114 

Skoda Superb 09-15 large car 65 93    4x4 automatic Superb V6 0,110 

Skoda Superb 15- large car 1 2    4x4 automatic - - 
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Skoda Yeti 10- small car 45 26    4x4 automatic - - 

Subaru Impreza 08-12 small car 16      all models permanent Impreza WRX STI 0,140 

Subaru Legacy/Outback 03-09 mid-size car 31      all models permanent Outback 3,0 R 0,113 

Subaru Legacy/Outback 09-14 mid-size car 127      all models permanent Outback 3,6 R 0,112 

Subaru Outback 14- large car 3      all models permanent - - 

Suzuki Swift 11- supermini 1 71    AllGrip permanent Swift 1,6 Sport 0,090 

Suzuki SX4 06- small SUV 28 27    4x4 
selectable w/ 

auto opt 
- - 

Toyota Avensis 03-08 large car       253 only FWD - - - 

Toyota Avensis 09-15 large car       229 only FWD - - - 

Toyota Prius 04-09 mid-size car       511 only FWD - - - 

Toyota Prius 09-16 mid-size car       204 only FWD - - - 

Volvo S40/V50 04-12 mid-size car       2448 only FWD***  - S40 T5 0,111 

Volvo S60 00-09 large car 5 396    AWD automatic S60 T5 0,119 

Volvo S60/V60 10- mid-size car 47 515    AWD automatic V60 T5 0,108 

Volvo V40 12- small car 3 164    AWD automatic V40 T5 0,114 

Volvo V70/S80 00-06 (ESC) large car 403 2254    AWD automatic V70 T5 0,112 

Volvo V70/S80 00-06 (no ESC) large car 865 5272    AWD automatic V70 T5 0,110 

Volvo V70/S80 07- large car 487 2550    AWD automatic S80 3,2 0,105 

Volvo XC60 08- small SUV 254 140    AWD automatic XC60 T6 0,114 

Volvo XC90 02-15 large SUV 367 1    AWD automatic XC90 V8 0,107 

VW Caddy 04- small car 18 768    4motion automatic - - 

VW Golf/Jetta 04-08 small car 20 723    4motion automatic Golf GTI 0,100 

VW Golf 08-12 small car 39 982    4motion automatic Golf GTI 0,104 

VW Golf 12- small car 18 231    4motion automatic Golf R 0,147 

VW Passat 97-05 large car 132 941    4motion permanent Passat V6 Syncro 0,091 

VW Passat 05-07 large car 147 658    4motion automatic Passat GT Sport 0,103 

VW Passat 08-14 large car 470 1083    4motion automatic Passat V6 GT Sport 0,103 

VW Passat 15- large car 23 16    4motion, 

Alltrack 
automatic - - 

VW Sharan/Seat Alhambra/Ford Galaxy 96- large MPV 3 99    4x4, Syncro, 

4motion 
automatic Alhambra 2,8 V6 0,081 

VW Sharan/Seat Alhambra 10- large MPV 16 53    4Drive, 4motion automatic - - 

 

* excluding 2,3 EcoBoost RS 
** excluding R Hybrid 

*** excluding T5 AWD 
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ABSTRACT 
 
One main objective of the EU-Project SENIORS is to provide improved methods to assess thoracic injury risk 
to elderly occupants. In contribution to this task paired simulations with a THOR dummy model and human 
body model will be used to develop improved thoracic injury risk functions. The simulation results can 
provide data for injury criteria development in chest loading conditions that are underrepresented in PMHS 
test data sets that currently proposed risk functions are based on. To support this approach a new simplified 
generic but representative sled test fixture and CAE model for testing and simulation were developed. The 
parameter definition and evaluation of this sled test fixture and model is presented in this paper.  
 
The justification and definition of requirements for this test set-up was based on experience from earlier 
studies. Simple test fixtures like the gold standard sled fixture are easy to build and also to model in CAE, but 
provide too severe belt-only loading. On the other hand a vehicle buck including production components like 
airbag and seat is more representative, but difficult to model and to be replicated at a different laboratory. 
Furthermore some components might not be available for physical tests at later stage. The basis of the 
SENIORS generic sled test set-up is the gold standard fixture with a cable seat back and foot rest. No knee 
restraint was used. The seat pan design was modified including a seat ramp. The three-point belt system had 
a generic adjustable load limiter. A pre-inflated driver airbag assembly was developed for the test fixture.  
 
Results of THOR test and simulations in different configurations will be presented. The configurations include 
different deceleration pulses. Further parameter variations are related to the restraint system including belt 
geometry and load limiter levels. Additionally different settings of the generic airbag were evaluated. 
 
The test set-up was evaluated and optimized in tests with the THOR-M dummy in different test 
configurations. Belt restraint parameters like D-ring position and load limiter setting were modified to 
provide moderate chest loading to the occupant. This resulted in dummy readings more representative of the 
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loading in a contemporary vehicle than most available PMHS sled tests reported in the literature. However, 
to achieve a loading configuration that exposes the occupant to even less severe loading comparable to 
modern vehicle restraints it might be necessary to further modify the test set-up. 
 
The new generic sled test set-up and a corresponding CAE model were developed and applied in tests and 
simulations with THOR. Within the SENIORS project with this test set-up also volunteer and PMHS as well as 
HBM simulations are performed, which will be reported in other publications. The test environment can 
contribute in future studies to the assessment of existing and new frontal impact dummies as well as dummy 
improvements and related instrumentation. The test set-up and model could also serve as a new standard 
test environment for PMHS and volunteer tests as well as HBM simulations. 
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INTRODCUTION 
 
Accident data analysis has shown that elderly car 
occupants are at high injury risk for chest injury 
even in frontal car crashes with low or moderate 
impact severity (Carroll et al. 2010). To address 
this one major aim of the EC funded SENIORS 
project is to contribute to the improvement and 
further development of frontal impact chest injury 
criteria and injury risk functions for the THOR 
dummy. The focus is the improvement of the risk 
function in the low severity range to enable better 
protection of older car occupants.  
 
The traditional approach to develop dummy based 
injury criteria and risk functions is to perform 
paired tests with dummies and post mortem 
human subjects (PMHS). The possible criteria 
based on dummy measurement are then 
compared to the injury level observed in the 
PMHS tests. A literature study within the SENIORS 
project has shown that most of the available 
PMHS data involved a single loading condition, i.e. 
concentrated loading to the thorax from a 
diagonal seat-belt, which is not representative of 
the loading from a modern restraint system with 
seat-belt, airbag and load limiter (Hynd et al. 
2016). In addition, most of the PMHS data involves 
either no injury or a very high level of injury. Test 
condition with intermediate injury levels – which 
are more likely with modern restraint systems and 
which may still have significant implications for 
older occupants are missing. 
 
To overcome these limitations of the available 
PMHS data within the SENIORS project a new 
approach will be applied by performing paired 
simulations with a THOR dummy model and 
human body model. A test and simulation plan 
was defined which includes loading conditions 
which are underrepresented in available PMHS 
test data sets that currently proposed risk 
functions are based on. Furthermore additional 
new PMHS tests were performed within the 
SENIORS project for human model validation and 
to add PMHS test data, which shows the desired 
moderate loading condition. 
 
To define a frontal impact sled set-up the idea of a 
generic but still representative test fixture was 
developed. The reason for this was based on 
experience from work on injury criteria in 

previous projects like THORAX (Lemmen et al. 
2013; Davidsson et al. 2014). Sled test data 
representative of contemporary restraint systems 
including a full vehicle buck with production 
vehicle seat and airbag shows a representative 
loading to the occupant. However, it is difficult to 
reproduce the tests later with a dummy. The 
components might not be available anymore. Also 
for a simulation approach it might be difficult to 
develop and validate a model of restraint parts 
due to intellectual property right and patent 
issues. 
 
Due to this the idea of a sled test set-up only 
including well defined simple generic components 
was developed. In the literature some sled test 
data mainly with generic set-ups was available 
(Shaw et al. 2009; Yoganandan et al. 2012). 
However, no distributed loading was included and 
the injury severity was too high. 
 
Based on these observations, requirements for a 
new generic test set-up for frontal occupant 
testing and simulation were defined. The test 
fixture should be as generic and simple as possible 
to make sure it is possible to re-build it also by 
other researchers at any time in the future. 
Furthermore it should not involve any production 
components to make sure the components are 
available in the future to repeat the test and the 
components can be easily modeled in a CAE 
model.  
 
On the other hand the loading to the occupant 
should be as representative for a contemporary 
restraint system as possible. This means the 
distributed airbag loading should be included, 
load limitation of the shoulder belt should be 
possible and a representative occupant to seat 
interaction is desired. 
 
Within the SENIORS project this new generic sled 
test fixture will be used for the paired simulations 
approach and to conduct new PMHS and 
volunteer tests. However, further application of 
such a generic test set-up will be possible. For 
example for the R&R (repeatability and 
reproducibility) and sensitivity studies of new or 
updated frontal dummy studies in a robust, 
repeatable and representative loading 
environment. Furthermore it can be used to 
evaluate, if dummy updates are performance 
relevant.  
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To support the injury criteria work within the 
SENIORS project the new simplified generic was 
developed and restraint parameters were tuned 
to provide a moderate loading to the occupant. 
This paper will describe the development and 
parameter tuning of the test fixture in THOR 
dummy tests and the validation of the 
corresponding CAE model. 

METHODS 

The basis of the SENIORS generic sled test set-up 
is the gold standard fixture (Shaw et al. 2009) with 
a cable seat back and foot rest. Compared to the 
gold standard test set-up no knee restraint was 
used and the seat plate was modified. The seat 
pan design was modified including a seat ramp. 
Furthermore the test rig consisted of a three-point 
belt system with a generic adjustable load limiter 
and a pre-inflated driver airbag specifically 
developed for this purpose. Figure 1 shows the 
test set-up with the THOR-50M dummy. The 
components will be described in detail. 
 

 
 
Figure 1.  Set-up of sled tests with THOR-50M 
 
Belt system 
 
A three-point belt system was defined with 
adjustable anchor points to allow investigations of 
the effect of different belt geometries on the 
chest deflection pattern and injury risk. At the 
upper shoulder belt anchor point a steel D-ring 
without any plastic cover was used, which did not 
need to be exchanged between the tests (Figure 
2). For further simplification and improved 

repeatability instead of a production buckle a 
generic buckle was implemented including a uni-
axial load cell to measure the sum force of lap and 
shoulder belt in a reliable way (Figure 3). The only 
production parts of the belt system that had to be 
replaced between tests were the belt webbing 
(6% elongation, 27 kN minimum tensile strength) 
and the buckle tongue (Figure 3). 
 
To achieve representative but still repeatable 
limitation of the shoulder belt load a generic load 
limiter was integrated into the test rig (Figure 4 
and 5). This generic load limiting device was 
developed by the Center for Applied Biomechanics 
at the University of Virginia. It was already used in 
PMHS tests with the gold standard test fixture 
(Shaw et al. 2009). The test results with the load 
limiter in the gold standard fixture and a detailed 
description of the device are not published yet. 
For the SENIORS project this generic load limiter 
was rebuilt by University of Virginia and provided 
to the SENIORS project.  
 

 
 
Figure 2.  D-ring 
 

 
 
Figure 3. Generic buckle with uni-axial load cell 
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Figure 4.  Generic seat belt load limiter 
 

 
 
Figure 5.  Generic belt load limiter in the SENIORS 
test set-up with uni-axial load cell between load 
limiter belt to measure B1 belt load  
 
Seat pan 
 
In the gold standard test fixture the pelvis of the 
occupant is restraint by a knee block. To enable an 
interaction between pelvis and the seat pan which 
is more representative of a real vehicle seat, it 
was decided not to use any knee support in the 
SENIORS test fixture. Furthermore a modified rigid 
seat design was used. The seat design was 
developed in an earlier project funded by SAFER 
and is referred to as “SAFER seat” (see Figure 6).  
The design specifications of the seat were defined 
by comparative HMB simulations to limit the x- 
and y-displacement of the occupant pelvis similar 
to a real vehicle seat. Further details can be found 
in the publication by Pipkorn et al. (2016). To 
measure the loads between occupant and seat a 
6-axis load cell was used (Figure 7). 

 
 
Figure 6.  SAFER seat (Pipkorn et al. 2016) 
 

 
 
Figure 7.  6-axial load cell between seat and sled 
platform 
 
Generic driver airbag  
 
To enable distributed airbag loading to the 
occupant and at the same time not include an 
airbag with production components like gas 
generator which might not be available to repeat 
the tests in the future, it was decided to develop a 
generic statically pre-inflated driver airbag (Figure 
8). The generic airbag was pre-inflated at constant 
pressure.  
 

 
 
Figure 8.  Generic driver airbag in the SENIORS 
test set-up 
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The airbag was evaluated in several component 
tests (Figure 9).  
The airbag parameters which can be varied are: 
 

• Initial pressure 
• Size and shape by varying the length and 

position of the external strap 
• Venting size 
• Venting trig time 

 

 
 
Figure 9. Strapped generic driver airbag module 
during impactor test. 
 
The generic module was designed to be airtight so 
the initial pressure could be sustained. The 
ventilation was designed with a possible maximum 
area of 8700 mm². The adjustment of the 
ventilation area was made with a controllable 
airtight lid. This could be put closer or further 
away from the module house (Figure 10. 
 

 
 
Figure 10. Ventilation mechanism, steering 
wheel support and external strap. 
 
The lid was opened via a pneumatic cylinder. 
Timing of the opening could be controlled by an 
electric circuit. The fabric in the airbag is not fully 

airtight so there has to be a constant pressure 
supply. Also a control device to obtain correct 
pressure for testing is needed. 
The external strap made it possible to reach the 
desired shape of a standard airbag. Furthermore 
the external strap minimised the risk of leakage 
compared to an internal strap. The strap also 
reduced the oscillation of the bag before occupant 
contact and ensured a more repeatable loading 
condition. To have a well defined support 
condition the design comprises a steering wheel.  
 
Tuning of the restraint components 
 
Several tests and simulations with THOR-M test in 
the generic test set-up were conducted in 
different configurations to adjust restraint and 
design parameters to the desired loading 
performance to the occupant. The target was to 
achieve reasonable occupant kinematics and a 
distributed chest loading which results in an low 
range of AIS3+ chest injury risk. 
 
The investigated test configurations included two 
different deceleration pluses (25 km/h, peak 13 g 
and 35 km/h, peak acceleration 17 g) shown in 
Figure 11. The main parameter variations are 
related to the restraint system including belt 
geometry and load limiter levels. Furthermore 
different airbag shapes and design of the strap 
were investigated. A test matrix showing a part of 
the tests that were performed is shown in Table 1. 
 

  
 
Figure 11. Deceleration pulses 
 
Three different positions of the upper shoulder 
belt anchor point were investigated D1, D2 and D3 
Figure 12 shows the differences in belt path on 
the chest for D-ring positions D1 versus D2. The 
three D-ring positions are provided in Table 1  
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Additionally to belt only tests without load 
limitation several settings of the generic load 
limiter were evaluated in sled tests. The settings 
medium and low in Table 1 refer to the same 
configurations of the load limiting device. 
However, the actual load limiting level at the 
shoulder belt depends on various factors like 
deceleration pulse and belt geometry. 
 

Table 1. 
Parameters of THOR Test and simulation matrix 

in the SENIORS generic test set-up (D-ring 
positions x,y,z in mm w.r.t. THOR H-point) 

 

 
 

 
 
Figure 12. Variation of belt routing on chest 
due to different D-ring position (left: D1; right 
D2) 
 
CAE Model of the generic test set-up 
 
A Finite-Element-Simulation model of the generic 
driver airbag was developed (Figure 13).  

  
Figure 13. Generic driver airbag FE-model 
without strap and with outer strap. 
 
The response of the generic airbag model was 
correlated by means of linear impactor tests in 
7m/s using an impactor mass of 22kg (Figure 14). 
 
Three test setups without external strap, with an 
initial pressure of 20kPa and with varying venting 
size were used in the correlation. The venting hole 
size was varied between 1740mm2 (1), 2610mm2 
(2) and 2819 mm2 (3). 
 

 
Figure 14. Impactor test and FE-model simulation 
at 70ms after trigger time. 
 
FE-model impactor acceleration, impactor 
displacements and airbag pressure were 
compared to the corresponding responses from 
the mechanical tests. 
 
The generic DAB model was integrated into the 
SENIORS generic sled model (Figure 15). The sled 
model includes all features of the test rig and was 
validated against all tests shown in Table 1.  
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Figure 15. Simulation model of SENIORS generic 
test rig. 
 
RESULTS 
 
Experimental study 
 
Table 2 shows the belt forces of the tests with the 
THOR-M according to the test matrix in Table 1. 
 
Due to the design of the load limiter the same 
load limiter setting did not result in the same 
force level at the shoulder belt due to the 
dependency on other test parameters like pulse 
and belt geometry. Figure 14 shows the B3 
shoulder belt load of the tests with load limiter. 
 

Table 2. 
Belt forces at the load limiter and  

at the upper shoulder belt B3.  
 

 
 
In Figure 17 resultant IR-Tracc deflections in belt 
only tests with 25 km/h are shown. The change of 
D-ring position from D1 to D2 (47 mm forward, 59 
outboard, 90 mm up) results in a reduction of all 
resultant IR-Tracc deflections. 

 

 
 
Figure 16. Shoulder belt load B3. 
 

 
 
Figure 17. Comparison of resultant IR-Tracc 
deflections - belt only test with 25 km/h with D-
ring positions D1 (red) versus D2 (blue). 
 
Figure 18 shows the resultant IR-Tracc deflections 
in tests with airbag at 35 km/h and D-ring position 
D3. The chest deflections indicate a more 
distributed loading to the chest which might be 
due to the airbag and also due to the modified 
belt geometry. Furthermore the reduction of load 
limiter level clearly shows a reduction in peak 
deflection. Table 3 summarizes the IR-Tracc peak 
deflections in all tests. In Table 4 the injury 
criteria PCA and Rmax and the AIS3+ injury risk for a 
45 and 65 year old occupant are calculated 
according to Saunders et al. (2015). 
 

Test 
Numbers 

S02 S03 S10 S11 S19 S20 S32 S33 S34 

Retractor B1 
kN 3,8 5,4 1,9 2,2 2,4 1,9 2,6 2,8 1,9

Shoulder 
Belt B3 kN 4,2 6,1 2,8 3,4 3,7 3,3 3,8 4,5 2,8

0
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S10: 25km/h, LL med, D1

S11:35km/h, LL med, D1

S19: 35km/h, LL med, D2

S20:25km/h, LL med, D2

S32: 35km/h, LL med, D3; AB

S34: 35km/h, LL low, D3; AB
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Figure 18. Comparison of resultant IR-Tracc 
deflections - test with airbag 35 km/h at different 
load limiter settings; blue LL medium; red LL low). 
 

Table 3. 
IR-Tracc Resultant Peak Deflections 

 

 
 
 

Table 4. 
Injury Criteria and Risk: Rmax and PCA 

 

 

Based on the PCA criterion the AIS3+ injury was 
reduced from 75% to 42% by reduction of the load 
limiter level in the test with airbag and belt 
geometry D3. The test condition S34 with a (based 
on PCA) estimated AIS3+ injury risk of 16% for a 
45 year old occupant or 42% for a 65 year old was 
proposed as final configuration for further 
investigation in human model simulations and 
PMHS tests.  
 
Computational study 
 
Additionally to the hardware implementation of 
the generic test rig the simulation model of the 
final test set-up was developed and validated 
according to the test and simulation matrix in 
Table 1.  
 
Figure 19 shows the results of the airbag 
validation based on component tests. Compared 
to the mechanical tests, the generic DAB model 
predicts slightly stiffer response for venting size 1 
(1740 mm2) and slightly softer response for 
venting sizes 2 and 3. 
 

 
 
Figure 19. Impactor accelerations for three 
venting sizes (mechanical tests and FE-model). 
 
To simulate the sled tests the Humanetics THOR 
dummy model V1.3 was used. The dummy model 
was positioned in the sled according to 3D-
coordiateds measured during the positioning of 
the dummy in the tests (Figure 20). 
 
During the validation process friction between 
belt and D-ring was adjusted. Furthermore the 
seat was modeled deformable to achieve of better 
correlation pelvis acceleration signals. Finally the 
relevant dummy signal in simulation and test 
showed a reasonable correlation. Also belt and 
seat forces showed good agreement. A qualitative 
comparison of occupant kinematics between test 
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and simulations also showed good correlation (see 
Figure 21). The model can be used for further 
application within the SENIORS project for the 
paired dummy and human body model 
simulations. 
 

 
 
Figure 20. Positing of the dummy model 
according to 3D targets. 
 

 
  
Figure 21. Comparison of dummy kinematics in 
experiment versus simulation - Test condition S34 
(35km/h, airbag, low load limiter level, D-ring 
position D3)  
 
DISCUSSION AND LIMITATIONS  
 
Evaluation of the test set-up with THOR-M in 
different test configurations resulted in dummy 
readings more representative of the loading in a 
contemporary vehicle than most available PMHS 
tests. The finally proposed parameter 
configuration still shows a predicted injury risk 
higher than the desired moderate loading. A 
reason might be that the test set-up does not 
include a pretensioner or a knee restraint which 
are restraint components available in most 
contemporary vehicles. It was decided not to use 
a pretensioner in this generic test rig to keep it as 
simple as possible without using production 
components.  
 

Also a knee restraint should not be included, 
because a knee block like used in the gold 
standard would not be representative of a loading 
condition in a typical contemporary vehicle. An 
impact surface representing a knee airbag would 
not be repeatable and reproducible in the future, 
if some kind of foam or honey comb material 
would be used. These decisions also reflect the 
need for reliable numerical modelling of this 
environment in particular. 
 
To achieve the desired loading with moderate 
severity chest loading in the future, it might be 
necessary to either develop generic restraint 
components like pretensioner or knee restraint 
for implementation in this generic test set-up. 
Another option could be to modify the load limiter 
to be able to further reduce the load limiter level. 
 
Furthermore one general limitation might be the 
currently discussed THOR dummy injury criteria 
and risk curves which are developed based on a 
limited data set. Due to this it could be possible 
that the applied criteria and risk functions are not 
correctly predicting the risk for the loading 
conditions considered in this study and thus might 
be misleading. This could be answered in PMHS 
studies this tests environment under equal 
loading conditions or estimated in paired human 
body model simulations, which are planned to be 
carried out within the SENIORS project. 
 
CONCLUSIONS 
 
Within the SENIORS project a generic sled test set-
up was developed to support the activities 
focused on car occupant injury risk. The design 
status of the test rig and the simulation model will 
be further optimized in tests and simulations 
within the project. 
 
The use of generic components makes sure the 
tests can be repeated in future if needed to 
further develop and to evaluate new injury 
criteria. The test set-up can also be used in tests 
with updated dummies or new or dummy 
instrumentation as well as for further PMHS or 
volunteer tests in order to extend the existing 
data sets. 
 
The generic components have shown to be easier 
implemented in a simulation sled model without 
major validation or patent issues. The generic test 
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set-up can be used for further applications such as 
the new frontal dummy repeatability and 
reproducibility evaluation, or dummy sensitivity 
studies in a robust, repeatable and representative 
loading environment. Another possible application 
of this generic test rig is to evaluate if dummy 
updates are performance relevant. 
 
The final specifications and proposed parameters 
of the sled set-up are well documented and will be 
made available for further use within subsequent 
project tasks as well as by interested stakeholders 
outside of the project. 
 
The generic test rig will be further used within the 
SENIORS project in tests with the THOR dummy 
and will be used in PMHS and volunteer tests. The 
numerical representation of the test rig will be 
applied in HBM simulations which will be reported 
in further publications.  
 
The test set-up and model could also serve as a 
new harmonized standard test environment for 
PMHS and volunteer tests as well as numerical 
human body models. In this test set-up it would 
be possible to compare and assess biofidelity of 
kinematics and impact response between the 
different physical and virtual surrogates in a 
standardized representative loading environment. 
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ABSTRACT 
 
In the light of more active safety systems and autonomous driving controversial discussions are going on 
about the role of restraint systems. Although current belt and airbag systems reach a good safety level, many 
challenges were generated by consumer tests, legislation, and urban vehicles but also by the occupant's 
diversity in terms of age and anatomy. Thus, passive safety measures will not only remain necessary, they 
have to be further improved. To derive appropriate future measures the following research questions have 
to be answered: 
- Which effect do current restraint systems show in real accidents? 
- Do all car occupants equally benefit from available systems independent of their individual characteristics? 
- Which actions are necessary to address severely injured occupants in the future?  
 
For the analyses, data from GIDAS is used. The database contains approximately 30.000 accidents from on-
scene investigations. Every accident is reconstructed and besides numerous technical parameters, the 
database contains detailed medical and personal data. To get an impression of accidents in other countries, 
additional data of the IGLAD database is used. At first, the current situation is analysed based on descriptive 
statistics. The influence of several restraint systems (e.g. belts with and without pretensioners and load 
limiters) on the occupant’s injury severity is analysed. As the injury severity of car occupants is influenced by 
many parameters, multivariate logistic regressions are used to identify their relevance and to point out 
differences between several restraint systems. 
 
The analysis shows that, besides others, the occupant’s age has an effect on the injury severity. The 
demographic change in many countries will put an even higher emphasis on elderly people in accidents. In 
general, the benefit of load limiters and pretensioners can be proved. However, not every person will equally 
benefit from these measures. The study reveals differences between several age groups as well as between 
front and rear seat occupants. 
 
The study shows how current restraint systems perform in actual accidents and which benefits have been 
achieved by recent developments. The performance is not obtained from dummy tests but from real 
accidents with real persons.  A strong need for adaptive systems is deduced from the analysis. A good 
performance in dummy tests is not necessarily linked to a high benefit in the real world. Especially elderly 
people tend to be more severely injured even in less severe crashes. Here, adaptive restraint systems may 
help, especially by using the available space for the occupant’s forward displacement to reduce loads on the 
thorax and abdomen. Furthermore, reversible systems will become more important when AEB systems 
become a standard in future vehicles. 
One limitation is the use of GIDAS data that only reflects the German situation. The use of the IGLAD 
database leads to a higher number of countries, but the case numbers are smaller here. 
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INTRODUCTION – ACCIDENT SCENARIO 

Road traffic accidents is one of the leading cause of 
death for people around the globe. According to 
estimations of the WHO, 1.250.000 people are killed 
in road traffic accidents every year. Although safety 
is a major field in the development of passenger cars 
since decades, nearly half of all global traffic 
fatalities are occupants of these vehicles. 
 
This is also true for Europe. Although the fatalitity 
risk (fatalities per 100.000 population) is the lowest 
here (compared to all other continents), around 
26.000 people die every year and car occupants are 
by far the biggest group (see Figure 1). Fortunately, 
the trend is positive and latest figures from the EU 
prove that in 2016 25.500 people died on EU roads 
which is the lowest number since many decades. 
 

 
Figure 1.  Fatalities of different road users in the 

EU-28 (2005 – 2014) 

This development goes in parallel with increasing 
fleets and mileage in most of the countries. So, the 
safety level is increasing steadily even though there 
are large differences between single countries. 
 
In Germany, which is – together with France and 
Italy – responsible for the highest absolute numbers 
of road fatalities in Europe, the situation is similar to 
the European one. The numbers of killed and injured 
persons is generally decreasing since 1990, just 
interrupted by some smaller increases in the years 
2011, 2013, and 2014. However, the overall trend 
will probably continue although the gradients of all 
curves decrease. Germany already reached a high 
level in traffic safety and further improvements 
demand great efforts. The focus must be on more 
than one road user category as there are four 
relevant groups: car occupants, motorcyclists, 
bicyclists, and pedestrians. 

 
Figure 2 shows in detail how these four road user 
categories contribute to the different injury severity 
levels in Germany (year 2015).  
 

 
Figure 2.  Share of different road user categories 

for several injury severity levels 

Occupants of passenger cars still represent the 
biggest group of fatalities, seriously injured and 
slightly injured persons.  
 
Thus, the present study is focussing on car occupants 
and their current situation in terms of passive safety 
measures. Most of the analyses are done with in-
depth data of the GIDAS project which allows a 
detailed look into the technical and medical aspects 
of accidents with injured car occupants. 

DATASET 

GIDAS (German In-Depth Accident Study)  
For the present study accident data from GIDAS 
(German In-Depth Accident Study) is used. GIDAS is 
the largest in-depth accident study in Germany. The 
data collected in the GIDAS project is very extensive, 
and serves as a basis of knowledge for different 
groups of interest. Due to a well defined statistical 
sampling plan, representative statements for the 
German accident scenarion are possible. Since mid 
1999, the GIDAS project has collected on-scene 
accident cases in the areas of Hanover and Dresden. 
GIDAS collects data from all kinds and types of 
accidents with personal damage. Approx. 3.500 
information (about vehicles, persons, injuries, 
infrastructure, environment etc.) per accident are 
coded in the database on average. Finally, every 
accident is reconstructed. 
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The project is funded by the Federal Highway 
Research Institute (BASt) and the German Research 
Association for Automotive Technology (FAT), a 
department of the VDA (German Association of the 
Automotive Industry). Use of the data is restricted to 
the participants of the project. However, to allow 
interested parties the direct use of the GIDAS data, 
several models of participation exist. Further 
information can be found at www.gidas.org. 
 
The following figures gives an overview about the 
current contents of the GIDAS database (Figure 3). 
 

 
Figure 3.  Content of the GIDAS database 

(Effective December 2016) 
 
For the present study, several filter criteria are 
applied to the database. Often, accidents from 2005 
to 2016 are considered for the analyses.  
 
Weighting and representativeness 
To ensure representative results, the GIDAS dataset 
is weighted towards the German national statistics. 
This is necessary due to slightly biased data. The 
investigation teams are not thoroughly informed 
about all accidents, information about injuries 
cannot always be obtained immediately and 
differences in the investigation areas cannot be 
excluded. Therefore, it is necessary to weight the 
data. The derived conclusions out of a study with 
weighted GIDAS data can be used for statements 
that can be considered as representative for the 
German accident scenario. 
 
The GIDAS dataset is usually weighted on the basis 
of three criteria:  
• accident site (urban / rural) 
• accident category (accident with slightly /  
  seriously / fatally injured persons) 
• type of accident (seven different categories) 

Due to the use of weighting factors it is possible that 
the sum of accidents (or persons, injuries etc.) gives 
non natural numbers. 
 
Some analyses were made with unweighted data 
(e.g. all chronological analyses of equipment rates) 
as the use of weighted data would distort the 
results. If unweighted data was used this is described 
in the diagram and/or related text. 

CURRENT PASSIVE SAFETY LEVEL  

The aim of the chapter is a characterization of the 
current situation in passive safety in Germany. The 
GIDAS dataset is used to describe the passenger car 
fleet in terms of safety equipment. Furthermore, the 
occupant population is analysed briefly. 
 
Current vehicle fleet 
The passive safety level of a country’s car fleet 
depends on several aspects. Important ones are the 
vehicle age, the distribution of vehicle segments, the 
legal requirements, and the influence of further 
stakeholders like NCAPs or insurance institutes.  
 
Age of the vehicles The passenger car fleet of 
Germany is becoming older and older. Figure 4 
shows this fact based on two different data 
sources. The average age of all registered cars 
(red line) increased by nearly 2.5 years within 15 
years. In 2000, the average age was 6.8 years and 
on January 1st, 2016 the age was already 9.2 years. 
The latest publication of KBA from March 2017 
proves that this trend is still true as the average 
age on January 1st, 2017 was 9.3 years.  
 

 

Figure 4.  Age of passenger cars in Germany 
 
The blue curve shows the average age of cars 
based on accident data (out of GIDAS). The figures 
verify the trend of an aging car fleet. 
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On the one hand side this trend is a positive one 
in terms of sustainability, as current vehicles seem 
to have longer life circles. However, the 
replacement of older cars by newer ones slows 
down. That delays the wide distribution of 
beneficial active and passive safety systems. 
 
Airbag equipment Figure 5 displays equipment 
rates for several airbag types in passenger cars. 
The analysis was done with all passenger cars in 
GIDAS that did not cause the accident as it can be 
assumed that non-causers are involved in 
accidents coincidentally. Thus, they represent the 
fleet average quite well. The time scale on the x-
axis uses the accident year and not the year of 
first registration. So, the diagram represents the 
current equipment situation of the whole fleet. 
 

 
Figure 5.  Airbag equipment rates in passenger 

cars per accident year 
 
The diagram shows that nearly all current 
passenger cars are equipped with front airbags for 
drivers and front passengers (blue lines). The 
former gap between the equipment rates on 
driver and passenger seats (resulting from cars 
with driver airbags only; mostly first registered in 
the early 1990s) is nearly closed. Furthermore, it 
can be seen that door/seat mounted side airbags 
(mostly addressing the thorax, abdomen and/or 
pelvis) are available for front seat occupants (FSO) 
in about three quarters of current passenger cars. 
However, there are hardly any thorax/pelvis 
airbags available for rear seat occupants (RSO; 
considering the outer seats in the second row).  
 
The third group of airbags - namely head airbags 
(usually curtain airbags) - show similar equipment 
rates for front and rear seat occupants. 
Unfortunately, the rate is still low with 52% (FSO) 
respectively 44% (RSO) in the year 2015.  

The actual benefit of door/seat mounted side 
airbags is subject of controversial discussions. 
However, the potential of curtain airbags for the 
reduction of severe head injuries - especially in 
lateral pole collisions - is proven. High equipment 
rates are one key factor for the further reduction 
of seriously or even fatally injured occupants. 
 
Equipment with belt systems The development of 
advanced belt systems for passenger cars is still in 
progress. Remarkable changes took place since 
the introduction of static 2-point-belts in the mid 
of the last century. Nowadays there are many 
technical solutions available for car occupants. 
The state-of-the-art are dynamic 3-point-belts 
with load limiters and pre-tensioners on front 
seats. Rear seats are often equipped with less 
advanced belt systems.  
Figure 6 shows the current situation for the 
German car fleet based on GIDAS data. Again, all 
non-causers were used for the analysis and on the 
x-axis the accident year (not registration year) is 
given. It can be seen that 90% of the driver seats 
are already equipped with 3-point-belts with 
pretensioners. In nearly 80% of the cars a load 
limiter is available for the driver. Usually, both 
systems are combined. Today, there are only very 
few models that offer a load limiter but no 
pretensioner and vice versa. 
The situation of rear seat occupants is comparable 
to the airbag aspect. In the 2000’s the equipment 
rates of load limiters and pretensioners for rear 
seats delayed behind the front seats. The curves 
(red, green) even show that the equipment rates 
obviously stagnate since 2010 on a level of around 
30%. How often occupants do or do not benefit 
from these systems is shown later in the paper. 
 

 
Figure 6.  Equipment rates of several belt systems 

in passenger cars 
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Occupant population 
In this chapter, the current occupant population is 
characterized in terms of individual parameters 
like age, gender, height, and weight. Furthermore, 
the occupation rates are analysed to check if less 
advanced belt systems (see last chapter) for rear 
seats will have remarkable consequences at all. 

The following analyses were done again with 
unweighted GIDAS data to see chronological 
effects.  

Age of car occupants The study has already shown 
that passenger cars in the German fleet have 
become older and older in recent years. Figure 7 
shows the same aspect for the occupants. Again, 
only occupants of non-causing parties are used to 
avoid a bias that may arise from causers in certain 
risk groups (e.g. novice drivers, elderly drivers). 
Using unweighted data for the age distribution 
may also lead to another bias, as older people are 
more vulnerable than younger ones, which will 
increase their chance of getting documented by 
GIDAS. However, this bias is disregarded here, as 
the focus is more on major current trends. 
 

 
Figure 7.  Average age of car occupants in 

Germany (based on GIDAS data) 
 
The most important information in the figure is 
the continuous increase in driver age. In 2000, the 
average age of car drivers was 38.4 years. 15 years 
later this value increased by full six years to 44.4 
years. In parallel, the average age of front 
passengers also increased by nearly six years. 
Front passengers are three years younger on 
average. Rear seat occupants show a different 
picture. Here, the average age is nearly constant 
over time (the variations in the red curves result 
from the small case numbers of around 110-130 
RSO with known age per year). 

There are several reasons for this development. 
One main reason for the aging driver population is 
the fact that nowadays nearly every person has a 
driving license and makes use of it. One or two 
decades ago (and especially in the former GDR), 
there were hardly elderly women with a driving 
license. Furthermore, life expectancy is increasing 
and the healthiness of elderly people is higher 
than some years ago. Together with the 
demographic change in Germany, these facts are 
responsible for the increasing average age.  
In most of the cases with two occupants (driver 
and front passenger), the front passenger is the 
female partner of the driver. Therefore, both age 
curves are parallel to each other. Front passengers 
are slightly younger as German car drivers have to 
be at least 17 years old. 
 
The reason for the constant age of rear seat 
occupants is the high proportion of children on 
these seats. Additionally, the red curves show that 
children (especially in Child Restraint Systems) are 
usually secured on the right rear seat as this seat 
is supposed to be the safest one (in countries with 
right hand traffic). 
 
The following figure shows the age distribution of 
the four occupant groups with data from GIDAS 
accidents of the years 2014 and 2015. Here, 
causers and non-causers are considered.  
 

 
Figure 8.  Age distribution of car occupants in 

Germany (based on GIDAS data) 
 
The distributions prove that children dominate the 
group of rear seat occupants. The driver age is 
nearly equally distributed between 20 and 60 
years. It should be also considered that 10% of 
drivers and 16% of front passengers are already 
aged 70 or more. In the years 1999-2001 these 
age group made up only 4% resp. 6%. 
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Gender and height The occupant height is one of 
the most influencing parameters for the 
performance of passive safety measures. It is not 
for nothing that airbags and belt systems are 
developed based on several dummies, which are 
defined by heights (and masses). One major 
requirement for restraint systems is to provide 
sufficient protection for all kinds of occupants, 
namely for the wide range of persons between the 
smallest women to the tallest men.  
 
Here, the height of occupants is not analysed for 
the last 15 years, as the German population did 
not change substantially in terms of height within 
this period. As height is significantly depending on 
the gender, a differentiation between male and 
female occupants is done. Children up to an age of 
15 are excluded, as they will lead to a strong bias 
in the height distributions.  
 

 
Figure 9.  Height distribution of car occupants in 

Germany (based on GIDAS data) 
 
The diagram shows that males are significantly 
taller than females. The overall case numbers 
state that men are more often involved in 
accidents with personal damage than women are, 
which is mostly caused by the large differences in 
the number of rides and mileage.  
Although it cannot be ruled out that the use of 
accident data may lead to a small bias, the distri-
bution can be used for a judgement if the used 
dummies still cover the actual size of occupants in 
Germany. Table 1 shows the compared values: 
 

Table 1. 
Height of occupants and HIII dummies 
Height in cm Occupants HIII Dummy 

female, 5th percentile 156 cm 152 cm 
male, 50th percentile 178 cm 175 cm 
male, 95th percentile 190 cm 188 cm 

The current German population (derived from 
accident data of the years 1999 – 2016) is slightly 
taller. It is well known that people in most of the 
high-income countries become taller and taller over 
time. This is not a big problem for the small dummy 
(5% female) which is now the 2% percentile and 
thus, covers more smaller people. However, maybe 
the tall persons will run out of scope in the future.  
 
Weight The weight distributions of male and 
female car occupants (adults aged 16+ years) is 
shown in Figure 10. 
 

 
Figure 10.  Weight distribution of car occupants 

in Germany (based on GIDAS data) 
 
Again, the difference between the gender groups is 
significant. 1.4% of the women were pregnant which 
may result in a small, but not remarkable shift. 
Again, the values of the occupant population and the 
Hybrid-III dummy family are compared: 
 

Table 2. 
Weight of occupants and HIII dummies 
Weight in kg Occupants HIII Dummy 

female, 5th percentile 50 kg 54 kg 
male, 50th percentile 80 kg 78 kg 
male, 95th percentile 108 kg 101 kg 

 
It can be seen that the occupant population is 
slightly different from the dummy family in terms of 
weight. Male occupants in the German accident 
scenario are heavier than their dummy eqivalents 
whilst 5% of the female occupants have a weight up 
to 50kg. In general, the German population is 
becoming heavier over time, so that the Hybrid III 
dummies will not cover exactly the actual 
population.  
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Occupation rates As described above, different 
safety measures are available for different seats in 
passenger cars. Today, the equipment is nearly 
identical for the outermost seats in one row.  
However, the second (or third) row often shows 
less advanced belt systems and less airbags (e.g. 
no front airbags). The interesting question is how 
often people do or do not benefit from these 
measures. Therefore, the occupation rates in 
passenger cars are analysed. Figure 11 shows the 
frequency of occupied seats when there was a 
driver (cases without driver were excluded).  
 

 
Figure 11.  Occupation rates in passenger cars in 

Germany (based on GIDAS data) 
 
It can be seen that in nearly every third case a 
front passenger was in the vehicle together with 
the driver. In about every tenth case the right rear 
seat (2nd row) was occupied. Left rear seats show 
slightly smaller occupation rates, which is a result 
of the right hand traffic in Germany. As there are 
only few vehicles in the market having three seat 
rows, the occupation rates are very small there. 
Additionally, Table 3 shows the common 
configurations in passenger cars in Germany. 
 

Table 3. 
Occupation configurations in passenger cars  

 Configuration 
Occu- 
pants Share 

 Driver only 1 63,2% 

 Driver + front passenger 2 24,6% 

 Driver + 1 RSO (rear seat occupant) 2 1,6% 

 Driver + front passenger + 1 RSO 3 5,7% 

 Driver + 2-3 RSO 3 - 4 1,0% 

 Driver + front passenger + 2-3 RSO 4 - 5 3,6% 

 Other constellations – 0,3% 

The most frequent case is a person driving alone 
in the car. Traffic surveys show that this fact 
becomes more and more relevant. In 2002, the 
passenger rate in cars was around 46%. In 2008, 
this value decreased to 35%, which correlates very 
well with the accident data from GIDAS. One 
possible reason is that many households can 
afford two cars and so, more people drive alone.  
 
In every fourth case, only a front passenger 
accompanies the driver. The third most frequent 
configuration is a driver, a front passenger and 
one rear seat occupant (e.g. a family with one 
child). All other configurations are not very 
relevant.  
 
However, it has to be mentioned that the 
occupation rates in Germany are slightly biased 
due to the sampling criteria (accidents with 
personal damage only). In GIDAS, there is a shift 
towards more passengers. Consequently, the 
presented occupations rates may be slightly 
overestimated. 
 
As a result it can be stated that the occupation rates 
of rear seats are quite low. Additionally, many of the 
occupants on rear seats are children having their 
own additional Child Restraint System (CRS). So, 
restraint systems for rear seats are not required very 
often.  
 
Belt use Another important aspect for the evalua-
tion of restraint systems is their use. Belts will 
have no restraint effect at all if they are not used. 
The protection potential is also limited if belts are 
not used correctly (e.g. due to misuse, wrong belt 
routing, out-of-position etc.). Thus, the first goal 
must be the increase of belt usage rates to 100%. 
The traffic surveys that the BASt is doing 
periodically shows that the belt usage rates in 
Germany are already on a high level and even 
increase further. However, there is a difference 
between several seats – often rear seat 
passengers show lower belt usage rates. 
 
It has to be mentioned that belt usage rates in 
accident databases are mostly biased towards 
lower values than in the overall traffic. This is 
because accidents are not in these databases if 
the restraint system was used and managed to 
avoid all injuries.  
 

Occupation rates in passenger cars
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However, Figure 12 (made with GIDAS data for 
adult occupants in several periods in the last 15 
years) confirms the general trend in Germany. The 
overall belt usage rate is still increasing for all 
occupants (orange bars) and reached around 96%. 
Rear seat occupants (red bars) show a remarkable 
increase since the early 2000s. Drivers (blue) and 
front passengers (green) show very similar rates. 
 

 
Figure 12.  Belt usage rates of car occupants in 

accidents (based on GIDAS data) 
 
For the analysis, all car occupants with a known 
belt status were used. This may lead to a slight 
bias, as the actual belt status could not be 
investigated for some occupants. Therefore, 
unknowns were more likely “not belted” persons, 
as the investigation teams could not find any 
marks or corresponding injuries. 
Independent from this methodical particularity it 
is clearly visible in the data that unbelted persons 
show higher injury severities. The comparison of 
the injury severity of drivers and front passengers 
in frontal crashes with a delta-v of 15kph or higher 
shows the following results: 
 

Table 4. 
Injury severity vs. belt usage rates (Front crash, 

PDoF = 10/11/12/1/2, delta-v ≥ 15 kph) 

 Injury severity n Belt usage rate 

 Not injured 1,683 97.1% 

 Slightly injured 2,533 91.3% 

 Seriously injured 874 85.8% 

 Fatally injured 35 68.6% 
 

 

INFLUENCING PARAMETERS ON OCCUPANT’S 
INJURY SEVERITY 

The focus of the main part of this study is on 
influencing parameters that determine the injury 
severity of car occupants. The experience of many 
years in research confirms that generally many 
aspects influence the occupant’s injury severity. 
Figure 13 shows a selection of such parameters. 

 

Figure 13.  Selection of influence parameters on 
occupant’s injury severity 

 
However, this is by far not the entire list of 
influencing variables. In general, there are four 
main groups of parameters: 

• crash data 
• vehicle characteristics 
• individual parameters of the occupant 
• situational conditions 
 
A big challenge for researchers is to evaluate and 
quantify the contribution of every parameter as 
univariate analyses are out of the question for this 
really multidimensional aspect. So, only multi-
variate methods are useful to address this issue. 

The scope of this paper are individual parameters 
and restraint systems. Thus, not all parameters 
mentioned in Figure 13 are analysed in detail. For 
the study, the following three aspects are chosen 
to address the research questions mentioned in 
the abstract above: 

• influence of different belt systems 
• influence of occupant’s age 
• influence of occupant’s height 

Multivariate logistic regression models were used. 
Therefore, GIDAS provides sufficient data, which is 
one substantial requirement for robust results. 
For some aspects, additional descriptive statistics 
with subsamples were created. 
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Influence of different belt systems 
At first, the important question is answered which 
effect current restraint systems have in real 
accidents. It was already shown in Table 4 that the 
use of restraint systems (here: belts) will 
significantly decrease the chance of being 
seriously or even fatally injured. This is due to the 
facts that belted occupants will not be ejected out 
of the car and will be protected from having 
substantial impacts with the car’s interior. 
 
Another aspect is the performance of different 
belt systems in terms of injury severity reduction. 
Therefore, a multivariate logistic regression was 
done to eliminate the influence of some parame-
ters and to get an impression of the “actual” 
difference between several systems. The program 
SPSS® was used to calculate the logistic regression 
models. The following filters were applied to the 
data: 
• only injured car occupants 
• occupant age > 14 years  
• belted occupants only  
 
Figure 14 shows the result of the logistic 
regression. The four curves show the risk of being 
MAIS2+ injured in a frontal crash for a 40-year-old 
belted occupant depending on the type of belt 
system. The highest risk comes from a standard 3-
point-belt. Belts with load limiters or pretensio-
ners already reduce the risk of serious injuries. 
The best performance is derived for 3-point-belts 
with load limiters and pretensioners. The risk 
difference between the last mentioned and a 
standard belt at a delta-v of 50kph is around 10%. 

Figure 14.  Injury risk in frontal crashes 
depending on the belt system 

The result is admirable as there are so many 
influencing parameters (see Figure 13) and in the 
model, only the delta-v, the age, the gender, and 

the belt system were used. Nevertheless, the 
influence of several belt systems can be seen and 
the results are plausible. 

Influence of the occupant age 
It is well known that the impact severity (e.g. 
represented by the delta-v) has the highest 
influence on the outcome in case of a crash. 
However, another crucial parameter substantially 
influences the injury severity – the occupant age. 
The physical constitution of humans is changing 
over time. The older people become the higher is 
their vulnerability. This has a big effect in 
accidents and also for the dimensioning of 
restraint systems. 

Again, multivariate regression models were used 
to estimate the age influence in frontal crashes. 
Here, some other filters were applied to the data 
to create comparable conditions (e.g. only 
“modern” cars registered in 2000 or later to 
ensure a similar minimum level of passive safety).  

Figure 15 shows the result of the logistic 
regression based on curves for 30 and 70 year old 
male occupants. (Age was used as metric variable 
within the models.) It can be seen that the risk of 
being at least seriously injured differs between 
the two age groups. Additionally, the effect of belt 
use is displayed in the diagram (dotted lines). 

Figure 15.  Influence of occupant age and  
belt use on injury severity 

From previous studies the authors know that the 
age influence is especially relevant in frontal (and 
side) crashes. In rear crashes, there are other 
injury mechanisms and the age effect is not that 
high. Thus, restraint systems play an important 
role for elderly occupants. 
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In general, there is a conflict between the neces-
sity of restraining the occupant (preferably high 
belt forces) and the physical limits of vulnerable 
elderly occupants (preferably low belt forces). The 
challenging task is to find a compromise between 
both aspects. However, a higher age will most 
likely lead to more severe injuries, especially in 
the body regions that have contact with the belt 
(thorax, abdomen).  

To prove this, a comparison with GIDAS data is 
done, analyzing the occurrence of belt-induced 
injuries. Therefore, the “injury causing/impacted 
part” is used that is coded for every single injury. 
It has to be mentioned that the belt as injury 
causing part means that the injury was caused by 
the restraint effect whilst the probability of more 
severe injuries would be higher without a belt. 

Figure 16 illustrates the share of occupants that 
suffered a belt-induced injury for several age 
groups. The corresponding collisions were frontal 
crashes with a delta-v of not more than 50 kph (to 
exclude very severe collisions). The basis are all 
injured persons (exclusion of uninjured occupants) 
and the bars show how many percent of these 
occupants suffered at least one belt-induced 
injury. (Occupants aged 90 years or older are very 
seldom so that the case numbers are very low.) 

Figure 16.  Occurrence of belt-induced injuries 
depending on the age (AIS1+) 

The diagram already shows very clearly how the 
risk of suffering a belt-induced injury increases 
with the age. In frontal crashes with a delta-v of 
up to 50 kph every second elderly (aged 60+) 
occupant is injured by the restraint system.  

Fortunately, most of the relevant injuries are 
contusions of the thorax and/or abdomen with an 
AIS1. The next analysis is focusing on more severe 
injuries to check if this effect is still present.  

Figure 17 shows the same issue but for belt-
induced injuries of the severity AIS2+. 

Figure 17.  Occurrence of belt-induced injuries 
depending on the age (AIS2+) 

The diagram shows that belt-induced injuries are 
mostly very slight. The share of persons with an 
AIS2+ belt-induced injury is very low. However, 
there is again an increase of this share when the 
occupant’s age increases. Typical AIS2+ injuries 
are rib fractures, lung contusions, sternal 
fractures, spleen ruptures or even pneumo-
thoraxes, and haemopneumothoraxes. 

Finally, it can be stated that age is one of the most 
influencing parameters for the injury severity of 
car occupants. This is especially true for front 
impacts where restraint systems play an 
important role. 

Influence of the occupant height 

One research question in this study was if all car 
occupants equally benefit from available systems 
independent of their individual characteristics. 
The results of the previous chapter already 
confirm that elderly occupants show higher injury 
severities than younger persons and that current 
belt systems are maybe too aggressive.  
Now, another individual parameter is analysed 
with regard to the restraint/protection effect – 
the occupant’s height. Therefore, only drivers are 
considered, as they are the critical group of occu-
pants in the front crash. Front passengers mostly 
have enough space between the body and the 
dashboard as they do not have to adjust the seat. 
The expectation says that small drivers are sitting 
closer to the steering wheel and dashboard. 
Consequently, they will be injured more 
severe/often in case of a frontal impact.  

Occurrence of belt-induced injuries depending on age
Source: GIDAS, weighted, front impact, delta-v ≤ 50kph, belted car occupants
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To check this thesis, descriptive statistics are done 
with GIDAS data, comparing small (height 
<170cm) and tall (height ≥ 170cm) drivers. 
 
In the first analysis, the overall injury severity of 
small and tall persons are compared with each 
other. To eliminate the influence of the crash 
severity, the shares of MAIS2+ injured drivers are 
displayed for several delta-v groups so that both 
height groups can be easily compared. Unbelted 
drivers were excluded for the analysis. Figure 18 
shows that there are no obvious differences 
between the injury severity of small and tall 
drivers of passenger cars. This is true for this kind 
of analysis when all other influences are left out. 
 

 
Figure 18.  Proportion of MAIS2+ injured car 

drivers depending on collision severity and height 

However, the different seating positions should 
result in different injury mechanisms. So, the 
second analysis deals with the frequency of 
several injury causing parts for AIS2+ injuries. 
Figure 19 shows the result of a univariate analysis 
for the body region “lower extremities”. 
 

 
Figure 19.  Injury causing parts of AIS2+ injuries 

at lower extremities 

As expected, small drivers suffer more AIS2+ 
injuries caused by the dashboard and steering 
wheel (post) whilst taller drivers show higher 
proportions of injuries caused by the 
footwell/pedals.  
 
The interpretation of such univariate analyses is 
difficult, as the body height seems not to be the 
only influence causing the obtained results. A 
large interference of many aspects is very likely. 
One example is the relation between height, 
gender and vehicle class: Small persons are often 
females as they are significantly smaller than 
males. Women often drive in urban areas and less 
often on highways. Furthermore, they drive in 
smaller/compact cars whilst men own/drive 
bigger/heavier cars. 
 
Thus, multivariate methods are necessary. There-
fore, logistic regression models are calculated for 
car drivers in frontal crashes, considering the 
following parameters: 
• delta-v 
• age of the driver 
• gender of the driver 
• height of the occupant 
• model year of the car (grouped) 
• vehicle class 
 
The logistic regression models show that the 
parameters have different influences on the injury 
severity (dependent variable = MAIS2+: yes/no). In 
table 5 the parameters are sorted by significance, 
starting with the most influencing variables. 
 

Table 5. 
Influence of several parameters on the injury 

severity of car drivers in frontal crashes 

 Parameter Influence 

 delta-v yes, highly significant 

 driver age yes, significant 

 vehicle segment yes, significant 

 vehicle age  yes, significant 

 gender yes, not significant 

 height no 
 
It can be seen that the occupant height had no 
further significant influence on the prediction quality 
after the other parameters were added to the 
models. 

Proportion of MAIS2+ injured car drivers
depending on collision severity and body height
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SUMMARY 

At the beginning of the paper, the current 
situation of restraint systems as described. Then, 
several influencing parameters on the injury 
severity of car occupants were listed. Two of 
them, namely the age and height, were analysed 
in detail. Additionally, current restraint systems 
(especially belts) were analysed regarding their 
effect in real world accidents. 
 
The results for Germany are (in brief): 
• The equipment rates with airbags und advanced  
 belt systems (with load limiters and pretensio- 
 ners) are increasing for drivers and front  
 passengers. 
• Rear seats are not equally equipped with belts  
 and airbags like front seats. 
• The occupation rate on rear seats is quite low  
 and becomes even lower over time. 
• Drivers and front seat passengers become older. 
• The German passenger car fleet is also ageing  

and 9.3 years old in 2017. 
• The belt usage rates are already on a high level 

and still slightly increasing.  
• Rear seat occupants show slightly lower belt 

usage rates. 
• Belt use is a key factor for the occupant 

protection. Many seriously and fatally injured 
persons were not belted. 

• The occupant age is – after the crash severity – 
the most influencing parameter for the injury 
severity.  

• The occurrence of belt-induced injuries is 
increasing with the occupant’s age. 

• The occupant height seems to have no 
remarkable influence on the injury severity. 

OUTLOOK 

The analysis shows that current restraint systems 
are already working well and protect occupants 
better than previous systems did. Three-point-
belts with load limiters and pretensioners show a 
good performance. However, the strong influence 
of the occupant age in combination with the 
demographic change in many countries and the 
ageing occupant population underline the future 
necessity of adaptive restraint systems.  
 
In many cases the restraint system seems to be 
too aggressive which is obviously a consequence 
of the challenging requirements for restraint 
systems.  

Most of the crashes, which result in at least one 
injured car occupant, occur at relatively low delta-
v values. Around 90% of injured car occupants 
that suffered a front crash had a delta-v of not 
more than 50 kph. This is maybe one approach to 
reduce belt forces by using more available 
forward displacement of the occupant. 

Additionally, the introduction of AEB systems and 
autonomous driving functions will lead to more 
situations where the driver and/or passengers are 
not aware of a sudden braking action by the car. 
So, more occupants than today will already be in a 
forward movement at the moment of the crash as 
long as they are not fixed to the seat by reversible 
pretensioners. Here, predictive systems are 
necessary that are able to condition the occupant 
already before the crash. 
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ABSTRACT 
 
Vehicles with increasingly advanced automated capabilities are rapidly becoming a reality, and data are 
needed to understand the operation of the various types of these vehicles currently in use on public roads. This 
project is investigating real-world driver interaction with market-ready mixed-function automation (MFA) 
through a naturalistic driving study (NDS). The vehicles being used in this study have the capability to 
simultaneously activate automated lateral and longitudinal functions, allowing drivers to operate the vehicle 
with their hands off the steering wheel and feet off the pedals for several seconds, with the caveat that this 
capability is not explicitly stated or condoned by original equipment manufacturers (OEMs). All systems 
generate alerts to notify drivers to regain control of the vehicle. This study will observe and evaluate how 
drivers operate five different commercially available vehicles equipped with MFA. The study will recruit a 
total of 120 drivers from the Northern Virginia and Washington, DC metro area. Drivers will drive one of the 
study vehicles instead of their own for a period of four weeks. Study vehicles will be instrumented to capture 
vehicle data as well as audio and video. The data collected will be sampled and analyzed in order to assess 
drivers’ overall use of the systems and specific types of interactions—such as the sequence of events when 
regaining control and secondary task engagement. It is anticipated that interactions with the MFA features will 
be observed in operation in mixed traffic under a variety of roadway types, driving conditions, and speeds. At 
present, 47 drivers have completed their 4-week participation period, with an estimate of at least 56,400 miles 
driven. This project will support the identification and/or refinement of human factors best practices to 
encourage the safe operation of highly automated vehicles.  
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INTRODUCTION 

Currently, there are several commercially available 
vehicles that automate lateral and longitudinal 
vehicle control. Depending on the make of vehicle, 
different terms are used to name and describe these 
automated lateral (e.g., steering assist, lane keep 
assist, lane centering) and longitudinal (e.g., adaptive 
cruise control, intelligent cruise control, advanced 
cruise control) systems. For this report, the general 
terms of automated lateral and automated 
longitudinal control will be used to refer to their 
respective automated systems. Technically, combined 
lateral and longitudinal control fall under Level 2, 
Partial Driving Automation as defined by the Society 
of Automotive Engineers (SAE; SAE International, 
2016). SAE describes the roles of the driving 
automated system and the driver during Level 2 (L2) 
automation in standard J3016: 

Level 2 (Partial Driving Automation):  

The Driving Automation System (while engaged): 

Performs part of the dynamic driving task (DDT) by 
executing both the lateral and longitudinal vehicle 
motion control subtasks and disengages immediately 
upon driver request.   

The Driver (at all times):  

Performs the remainder of the DDT not performed by 
the driving automation system, supervises the driving 
automation system and intervenes as necessary to 
maintain safe operation of the vehicle, determines 
whether/when engagement and disengagement of the 
driving automation system is appropriate, and 
immediately performs the entire DDT whenever 
required or desired 

The functionality of commercially available systems 
with L2 functionality has not been studied in real-
world settings. Different implementations of 
automated functions for lateral and longitudinal 
control likely have different functional envelopes 
and/or capabilities. For example, some systems may 
only operate at highway speeds. As such, it may be 
premature to identify current market-ready systems 
as L2. For this study, the term used will be Mixed-
Function Automation (MFA), which is meant to 
specify that both lateral and longitudinal controls are 
automated in some fashion, and both systems can be 
enabled simultaneously. Note that MFA does not 
specify a level of automation, and is not intended to 
imply a system more advanced than an L2 system; 
rather, it is used to capture the variability of 
capabilities inside this category without debating the 
boundaries of that level.  

Previous research has evaluated human factors 
concepts with automated lateral and longitudinal 
functions (Blanco et al., 2015) in test track settings. 
While these test track studies provide valuable insight 
into potential benefits and drawbacks of MFA 
technologies, they can be complemented by 
naturalistic driving studies (NDS). NDSs provide a 
method for evaluating new vehicle technologies 
during daily driving situations and without the 
presence of an experimenter. Previous research has 
shown that, while there is a brief period of time in 
which participants behave differently due to the 
presence of cameras in the vehicle, they appear to 
adapt to the presence of this instrumentation in less 
than an hour (Dingus et al., 2006). Earlier NDSs have 
evaluated new technology for collision avoidance 
systems in heavy vehicles (Grove et al., 2016), video 
imaging and camera systems (Wierwille et al., 2011), 
and studied normal driving performance and 
behaviors (Klauer et al., 2006; Klauer et al., 2010; 
Dingus et al., 2015). The current study, Mixed-
Function Automation Naturalistic Driving Study 
(MFA NDS), described herein will generate practical 
data to support new understanding of MFA 
technology use by evaluating a subset of currently 
available advanced MFA technologies as drivers 
experience them during their daily use.  

An NDS is an in situ investigation of driver 
performance and behavior. By instrumenting vehicles 
with cameras, sensors, and data recorders, drivers can 
be continuously recorded over an extended period of 
time without an experimenter in the vehicle. Under 
these conditions, participants drive as they normally 
would, without influence from experimenters. 
Naturalistic driving research supports the 
simultaneous investigation of driver, vehicle, and 
environmental factors pertaining to transportation 
safety, and can capture true driver motivation to use 
an MFA system and engage in non-driving tasks. It 
also enables the identification of edge cases 
unforeseen by designers via the observation of MFA 
system operation across a wide range of drivers and 
various environmental conditions. Finally, it is 
anticipated that safety-critical events (SCEs) of 
different severity levels (e.g., crashes and near-
crashes) will be observed and their relationship to 
MFA system use (or lack thereof) can be 
investigated. 

The objective of the MFA NDS project is to 
investigate, through an NDS, real-world driver 
interaction with market-ready mixed lateral and 
longitudinal function automation. The study will 1) 
observe and evaluate how drivers operate vehicles 
equipped with MFA driving features intended for 
operation in mixed traffic under a variety of roadway 
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types, driving conditions, and speeds; and 2) monitor 
internal vehicle data relevant to the targeted 
functions. This study will also support the 
identification and/or refinement of human factors 
best practices to help encourage the safe operation of 
vehicles with automated control systems. At present, 
the study is ongoing, and this paper provides an 
outline of the research questions, the implemented 
approach, and a brief summary of the current status 
of data collection. 

RESEARCH QUESTIONS 
Test track studies using vehicles equipped with MFA 
have left salient research gaps that can be addressed 
by an NDS. The types, durations, and frequencies of 
non-driving tasks performed by drivers when MFA 
systems are activated are not fully understood. For 
example, do drivers misuse or abuse the MFA 
features by overly engaging in visual or manual non-
driving tasks? Test track research suggests that 
drivers’ response and regain control times change 
based on the modality of take-over request alerts, a 
finding that should be evaluated in an NDS. Duration 
of exposure also needs to be explored, as longer 
exposures could result in longer response times, 
which could suggest complacency or an adaptation to 
the environmental circumstances surrounding the 
alert. Additionally, results of MFA system 
evaluations in non-ideal roadway conditions (e.g., 
heavy traffic, severe weather) have not been made 
publicly available; thus, the overall performance 
envelope is not publicly known. Determining whether 
MFA systems experience performance issues in the 
real world could help identify rare and unexpected 
scenarios to be addressed in future designs. Finally, 
the degree to which drivers understand MFA system 
operation should be determined in order to guide the 
development of future human-machine interface 
(HMI) concepts. Understanding driver trust in the 
technology before and after using it in real-world 
situations could greatly inform researchers and 
system developers as to drivers’ willingness to detach 
from the driving task and attempt to push the system 
beyond its capabilities. 

Focus area 1 of this study investigates Driver 
Performance. Driver performance will be measured 
by drivers’ responses to take-over alerts (i.e., requests 
to intervene) generated by the MFA systems. Note 
that other alerts, such as forward collision warning 
alerts, are not part of the planned analyses, although 
they may be investigated in future analyses. This 
focus area will also investigate performance changes 
over time. This focus area contains three research 
questions (RQs):  

RQ 1.1: How do drivers respond to MFA alerts? The 
sequence and timing of driver responses immediately 
prior to and following an alert until the driver regains 
full manual control or re-engages the automated 
features is being investigated. Data collected during 
alert instances will be sampled and reduced. The 
sequence and timing of responses observed will be 
compared to the findings of test track studies, 
specifically those reported in NHTSA’s 2015 Human 
Factors Evaluation of Level 2 and Level 3 Automated 
Driving Concepts (Blanco et al., 2015). 

RQ 1.2: How do drivers change their behavior over 
time? For example, drivers could learn to take fewer 
steps to activate the system, or the transition to taking 
hands off the steering wheel or moving feet off the 
pedals could become quicker during the final week 
(of the 4-week study, see below) compared to the 
first few engagements. The differences in driver 
behaviors between the first week of MFA system use 
and the final week of MFA system use is being 
investigated.  

RQ 1.3: Does using MFA systems for long durations 
change any driving performance measures or 
otherwise impact driver behavior? Note that the 
specific definition of a long duration will be based on 
the overall usage profile that is observed upon data 
analysis. Specific samples that occur during longer 
instances of MFA activation will be compared to 
samples that occur during shorter duration instances. 

Focus area 2 investigates Driver Engagement, which 
refers to specific behaviors that are observed while 
the MFA systems are active. This focus area includes 
two RQs: 

RQ 2.1: If available, how do drivers respond to 
system prompts? Some study vehicles include 
prompts designed to keep the driver engaged or 
aware when the MFA systems are active. When these 
features are present, prompts will be sampled relative 
to their frequency during the window of time prior to 
an alert. 

RQ 2.2: Are there specific aspects of the MFA 
features (e.g., alerts, displays) that drivers find more 
useful than others? Conversely, are there aspects of 
MFA features that are misleading, annoying, or 
difficult to understand? These questions are being 
investigated by asking drivers’ opinions about said 
vehicle features.  

Focus area 3 investigates System Performance, and is 
independent of the user. This focus area is heavily 
informed by the vehicle characterization effort, but 
sampled and reduced data will also provide insight 
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into the performance of the system. This focus area 
includes two RQs: 

RQ 3.1: How does the combined lateral and 
longitudinal control system operate? The system’s 
operation was investigated during the vehicle 
characterization effort.  

RQ 3.2: Are there environmental factors that reduce 
the availability of the MFA features? For example, 
the impact of factors such as roadway markings, 
traffic level of service, and weather on MFA system 
use are being investigated. 

Focus area 4 investigates the Driver-System 
Interaction and includes three RQs:  

RQ 4.1: What driver behaviors are observed when the 
MFA systems are active? For example, is there a 
higher prevalence of non-driving tasks performed by 
drivers when the MFA systems are active compared 
to times when they are not? 

RQ 4.2: Do drivers report that the MFA systems 
function as they would expect? Furthermore, do they 
report that they trust the MFA systems? Drivers will 
be asked about their opinions of the MFA features 
throughout their participation. Changes in their 
expectations will be noted, as well as their reported 
levels of trust. 

RQ 4.3: Do drivers report different expectations 
across various types of roadways, driving conditions, 
speeds, etc.? That is to say, when asked for their 
opinions, do drivers recognize the limitations of the 
MFA systems in various environments? 

The RQs in focus areas 1 through 4 are expected to 
provide a general overview of MFA system use, 
reliability, and driver interaction. Within the scope of 
RQs in focus areas 1 through 4 are additional related 
topics. As such, the results of this study are also 
expected to inform the following sub questions 
(SQs): 

SQ 5: Driver Interface Design: Were the tested 
automation concepts consistent with the draft 
Automated Vehicle-Human Factors Design 
Principles developed within the Human Factors 
Evaluation of Level 2 and Level 3 Automated Driving 
Concepts study? Any data or observations from this 
study that could help support these design principles 
will be noted. 

SQ 6: Unintended Use: Research questions in focus 
areas 1 through 4 investigate the limits and intended 
use of the MFA systems. However, drivers may find 
and implement means for defeating the automation’s 
monitoring mechanisms or intended use. Any 

observed occurrence of this type of behavior will be 
reported and investigated as it relates to other 
research questions. It is understood that unintended 
use is defined by the manufacturer; the research team 
has worked with original equipment manufacturers 
(OEMs) to define unintended use for each vehicle. 
The research team also acknowledges that misuse and 
abuse may be difficult to distinguish except in 
extreme cases of abuse (e.g., a soda can taped to the 
steering wheel or a driver moving into the passenger 
seat). 

SQ 7: Unintended Consequences: Any unintended 
consequences regarding drivers’ daily use of the 
vehicle with automated control systems, such as 
complacency, indifference, or errors of 
omission/commission, are being investigated. This 
may include unintended consequences not captured 
by other research questions.  

SQ 8: Safety and Security: Any specific comments 
from drivers regarding safety and security will be 
noted. These include whether or not drivers are 
satisfied using the vehicle with automated control 
systems for their daily driving. Based on drivers’ 
self-reports, estimates of participant reliance on the 
MFA systems is being assessed. Consistently high 
levels of trust in the MFA systems could be an 
indication that automation produces a false sense of 
safety and security, particularly if high trust ratings 
are associated with improper system use. 

SQ 9: System Limitations: RQ 1.1 specifically 
investigates alerts. A subset of alerts may be the 
result of unexpected system failures or other design 
limitations. The timing and sequence of events 
observed from these types of alerts, including 
whether they are false alarms, advisory warnings, 
etc., will be noted. Definitions for valid, false, and 
advisory alerts will be adapted from previous work 
(Grove et al., 2016). Also of interest are SCEs, such 
as unintended lane departures, which may occur 
while the MFA system is active, but for which the 
system issues no alerts. 

SQ10: Licensing and Training: Based on the results 
of this study, any anticipated need for additional 
licensing or training requirements for automated 
systems will be reported. This will take the form of 
general suggestions based on the training plan 
implemented in this study. 

METHODS 

Vehicles 
Since MFA systems currently available on the market 
vary in terms of their capabilities and HMIs, the 
study is using vehicles with differing MFA 
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functionalities across five different OEMs. One 
commonality among these systems is that each allows 
drivers to simultaneously activate longitudinal and 
lateral controls, allowing drivers to operate the 
vehicle with their hands off the steering wheel and 
feet off the pedals for several seconds (again, this 
capability is not promised or condoned by OEMs). 
Each system also generates alerts to notify drivers 
when they need to regain control of the vehicle. The 
research team has leased two of each of the following 
vehicles for the duration of the study:  

• 2017 Audi Q7 Premium Plus 3.0 TFSI 
Quattro with Driver Assistance Package  

• 2015 Infiniti Q50 3.7 AWD Premium with 
Technology, Navigation, and Deluxe 
Touring Package 

• 2016 Mercedes-Benz E350 Sedan with 
Premium Package, Driver Assistance 
Package  

• 2015 Tesla Model S P90D AWD with 
Autopilot Convenience  

• 2016 Volvo XC90 T6 AWD R-Design with 
Convenience Package  

 
A characterization of the MFA systems was 
conducted for each test vehicle. An understanding of 
how each MFA system works was developed, and 
each system’s operational envelope was observed in 
various driving environments. (While the focus of 
this study is on the longitudinal and lateral automated 
systems, other advanced features—such as the blind 
spot warning—were included where relevant.) 
Characterization included training machine-vision 
algorithms to detect MFA system operation and 
active safety alerts from the instrument cluster, and 
also identified systems that prompted the driver to 
remain engaged. The characterization results are 
being used to inform both the data reduction process 
and the interpretation of results.  

In addition to general characterization, vehicle 
characterization was also informed by previous work. 
Specifically, one output of Blanco et al. (2015) was a 
detailed collection of DVI characteristics that would 
support the driver operation of vehicles that include 
automation for lateral and longitudinal control. This 
report was used as a basis for evaluating the DVI 
characteristics of the mixed-function automated 
vehicles used in this study. 

Alerts and prompts are distinguished by the level of 
control maintained by the lateral and longitudinal 
automation. This distinction has been established by 
the research team, in collaboration with OEM 
stakeholders. An alert indicates that the automated 
system requires driver intervention because it has 

reached a functional limit. A prompt does not 
indicate that the system has reached a functional 
limit, but rather notifies the driver to perform an 
action to remain engaged in the driving task (such as 
placing hands on the steering wheel).  

Each vehicle has been equipped with Virginia Tech 
Transportation Institute’s (VTTI) NextGen Data 
Acquisition System (DAS), the same system used in 
the Second Strategic Highway Research Program 
Naturalistic Driving Study (SHRP 2 NDS; Dingus et 
al., 2015). As shown in Figure 1, the DAS  
continuously records video of the forward roadway, 
the driver’s face, an over-the-shoulder (OTS) view of 
the driver’s hands and lap area (includes a view of 
the instrument cluster), a view of the foot well, and 
the rear roadway. In addition to video feeds, the DAS 
continuously records audio in the vehicle. Continuous 
audio recording will capture any auditory alerts, 
prompts, voice commands, and cell phone use that 
occurs during the study. In regard to cell phone use, 
the focus of this study is on the prevalence and 
duration of non-driving-related tasks, not on the 
content of cell phone calls. 

 

Figure 1. Example of video views collected by the 
DAS. 

The DAS also records vehicle data, including speed, 
throttle position, brake application, acceleration, lane 
position, turn signal activation, and GPS coordinates. 
As previously noted, the DAS also records MFA 
system activations using a machine vision algorithm 
if this information is not available on the vehicle 
network. The research team is using VTTI’s Mission 
Control software to monitor vehicle location, data 
storage, and mileage incurred over the course of the 
data collection period. Because the data is being 
collected, stored, and reduced in the same manner as 
in the SHRP 2 NDS, the extensive SHRP 2 NDS data 
set can provide a comparative sample for analysis in 
future studies. 

Participants 
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This study will recruit a total of 120 drivers from the 
Northern Virginia/Washington, DC region. The study 
screens for participants who drive at least 14,400 
miles per year, or 1,200 miles per month. Drivers are 
provided monetary incentive to drive at least 1,200 
miles during their participation (see below). In 
addition, researchers verify that the distance between 
a participant’s work and home address is 60 miles 
round trip (i.e., a 30-mile commute each way) or the 
equivalent if the participant drives while at work. As 
of March 31, 2017, 47 drivers have successfully 
completed the study. 

Drivers are compensated up to $500 as follows: 1) up 
to $360 if their total mileage is under or equal to 
1,200 miles; or 2) $500 if they exceed 1,200 miles. 
They are also lent a transponder that gives them free 
access to the high-occupancy toll (HOT) lanes 
managed by Transurban. This helps to ensure that 
participants are able to reach driving speeds required 
for MFA activation and create further incentive to 
participate in the study. 

An equal number of males and females are being 
recruited from two age groups: 25–39 and 40–54 
years old. Participants’ frequency and perception of 
risky driving are being assessed via a subjective 
questionnaire which has been used in a previous NDS 
(Dingus et al., 2015). This measure serves as a way to 
control for the overall ‘riskiness’ of participants 
assigned to each vehicle.  

In order to ensure that participants are accurately 
reporting their driving history, the research team 
verifies each participant’s driving history in 
collaboration with Virginia Tech Human Resources. 
This check is intended to mitigate risk of damage to 
the study vehicles in a way that would negatively 
impact the project timeline.  

Drivers will participate in the study for four weeks 
each in order to maximize their exposure to the MFA 
systems. Note that there is no baseline period for this 
study, as the MFA capabilities will be available to all 
participants at the time the vehicle is assigned to 
them.  

Participants receive training that has been designed to 
mimic the information they might receive at a 
dealership prior to purchasing a similar vehicle. To 
this end, the research team developed training 
outlines through collaboration with OEM 
stakeholders, review of owner’s manuals, dealership 
site visits, and online training materials. Care has 
been taken to develop training that is not overly in-
depth, but still adequately covers the use of MFA 
features. All study screening, recruitment, training, 
and data collection activities have been approved by 

the Virginia Tech Institutional Review Board (IRB) 
prior to study execution.  

Procedures 
Potential participants are contacted by the 
recruitment group at VTTI and screened for their 
eligibility to participate. Eligible drivers then undergo 
a driving history check. This check is deemed 
necessary to reduce risk of a major problem (e.g., 
DUI, reckless driving) involving a study vehicle, 
which could impact data collection.  

For those participants who are eligible to participate, 
a meeting is scheduled to visit the participant’s home. 
At this time, the participant completes the informed 
consent process, which covers the rights and 
responsibilities as a participant. Furthermore, this 
visit ensures that there is a secure place to park the 
study vehicle. For one study vehicle, the Tesla Model 
S, this inspection also includes verifying that the 
participant has a garage with electrical outlets. This 
vehicle can only be assigned to participants who have 
the ability to charge the vehicle, using facilities 
available at or near their home or place of work. 

At the home visit, each participant receives an 
orientation to the vehicle assigned to him/her as well 
as training regarding the use of MFA features, 
including a test drive. Participants are instructed that 
they alone are authorized to drive the study vehicle. 
After completing training and the vehicle test drive, 
and prior to taking possession of the vehicle, 
participants complete a subjective questionnaire, 
which is based on questionnaires used in previous 
test track research (Blanco et al., 2015), regarding 
their initial opinions of the vehicles and the MFA 
systems. Finally, an experimenter verifies the 
vehicle’s condition using an inspection sheet, and 
photographs any issues with the vehicle. After 
completing all training, questionnaires, and verifying 
vehicle conditions, participants are loaned the study 
vehicle for the 4-week participation period.  

Participants are surveyed at the onset of the study and 
again at days 7, 14, 21, and the final day of their 
participation. The subjective data collected from the 
questionnaires will be analyzed to assess participants’ 
trust in the vehicle automation and their 
understanding of the MFA system’s operation. This 
questionnaire has been adapted from previous test 
track studies using MFA systems (Blanco et al., 
2015). Collecting questionnaire responses at multiple 
times throughout participation also allows insight 
into changes in trust and perception of the systems 
over time. At the end of the 4-week participation 
period, a researcher takes possession of the study 
vehicle, verifies the vehicle’s condition, and 
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administers a final questionnaire to the participant. 
Once the questionnaire is completed and the vehicle 
is returned, the participant is compensated and the 
research team ingests the data and prepares the 
vehicle for the next participant. 

Data Sampling & Analysis 
The hallmark of NDSs is continuous data recording 
while participants are driving the study vehicles. The 
focus of this section is to describe the approach to 
sampling, reducing, and analyzing continuously 
recorded data. Fifteen-second epochs are being 
sampled from the continuously recorded data. The 15 
seconds will be comprised of 10 seconds prior to and 
5 seconds after the time of interest. Samples are taken 
during instances in which the MFA system was in 
use, instances in which the MFA system was 
available but not in use, instances in which the MFA 
was in partial use, and instances in which an alert was 
issued.  

All periods in which the MFA system was available 
for use and also active will be identified using 
available data. Sampling is designed to generate 
equal representation of data across drivers and across 
time in the study, as well as to sample data as it is 
generated in order to minimize time between the 
completion of data collection and data analysis. The 
research team will sample 1,440 MFA activations, 
1,440 instances of MFA availability without 
activation, 1,440 instances of MFA availability with 
partial activation, 1,440 Alerts, and all SCEs that can 
be identified. The breakdown by driver is as follows: 

• Twelve 15-second epochs will be randomly 
sampled from the periods in which the MFA 
system was active (after sampling the first 
few MFA activations, samples will be taken 
every week of participation). Twelve 
samples per driver will provide a reliable 
statistical estimate of driver performance, 
and 15-second samples will allow the 
assessment of drivers’ visual behavior and 
engagement in secondary tasks. This 
sampling method has been employed 
successfully in previous NDSs (Dingus et 
al., 2015).  

• Twelve epochs per driver of instances in 
which the MFA system is available but only 
partially active will be sampled (i.e., only 
lateral or only longitudinal control is 
activated). 

• Twelve epochs per driver of instances in 
which the MFA system is available but 
neither lateral nor longitudinal control is 
activated will be sampled. 

Thus, a total of 4,320 epochs will be sampled. These 
samples will allow comparisons of driver behavior 
and roadway scenarios between levels of MFA 
activation (when such activation is available). 

Additionally, for each driver, twelve 15-second 
epochs will also be randomly sampled from the time 
periods in which alerts were issued (again, the first 
few alerts will be sampled, followed by sampling for 
every week of participation). These 1,440 samples 
will be used to assess how long drivers take to regain 
control of the vehicle once an alert is issued (RQ 
1.1). Samples will be used to investigate system 
performance (RQ 3) and non-driving tasks during 
MFA system activation (RQ 4). Concurrent with this 
effort, established kinematic algorithms will be used 
to trigger potential SCEs (e.g., hard decelerations, 
lane departures, high yaw rates). Together, these 
triggers will be used to identify potential SCEs. 
Trained data reductionists (see below) will inspect 
the videos associated with these triggered events to 
verify the occurrence of an SCE. The validated SCE 
triggers will then help to identify driver performance 
issues.  

Equal amounts of each type of epoch will be selected 
from each week in the study within each driver’s 
data. The exception is the set of SCEs, which will 
include all SCEs that can be identified. Note that the 
numbers discussed above are an estimation of the 
maximum number of epochs that will be sampled. If 
there are fewer epochs than listed above, or at least 
near the listed amount, then all will be sampled. 
Otherwise, stratified random sampling will be 
employed. Also note that this strategy allows for 
sampling to take place as data is ingested, in order 
that reduction and analysis can begin soon after data 
collection begins. 

The sampling strategy will not attempt to adjust for 
exposure rate of MFA per driver. There are three 
reasons for this. First, the primary research objective 
is to make inferences about drivers and, thus, drivers 
are the population of interest. As such, as much 
information as possible about each driver’s behavior 
at the time of his/her MFA use (or lack thereof) is 
desired. Second, of interest is drivers’ performance 
under different MFA systems, which may vary 
between vehicle types. Therefore, sampling too little 
from some drivers may result in a loss of information 
for drivers using a particular system. Third, using the 
planned sampling approach will allow for sampling 
to occur as data arrives. 

It is possible that not all 120 drivers will participate 
for four weeks. The data will be sampled as each 
driver completes each week in the study. If a driver 
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does not complete all four weeks, those weeks will be 
considered as missing data. New drivers may be 
recruited in order to replace drivers with incomplete 
data. 

For each sampled epoch, trained data reductionists 
(Figure 2) will use the recorded video, audio, and 
parametric data to analyze the driver, vehicle, and 
environmental factors that existed during each of the 
sampled MFA activations, alerts, and valid SCEs. 
The data will be used to describe the circumstances 
that led to the occurrence of each. All reduction will 
take place in a secure data reduction lab at VTTI. 
Reductionists are limited to short shifts to minimize 
vigilance decrements and are not allowed access to 
their cell phones to prevent video of drivers being 
released to the public. 

 

Figure 2. Data reduction at VTTI. 

Driver variable reduction will include an assessment 
of what behaviors were exhibited at the time of the 
event, including non-driving task engagement, 
evidence of drowsiness/impairment, and other 
aspects that might help characterize driver interaction 
with the automation (e.g., improper use of the 
automation, such as using the system in adverse 
weather or circumventing the need to hold the 
steering wheel). A 15-second eye glance reduction 
will be performed on all sampled MFA activations, 
alerts, and SCEs. These data will help characterize 
the degree to which drivers monitor the road and 
respond to alerts. The time taken to regain control 
will also be extracted.  

Driver response to the sampled alerts will be assessed 
using the order of driving inputs performed (in a 
similar fashion to previous test track research by 
Blanco et al., [2015]), as shown in Figure 3 (e.g., 
eyes return to road, hands on steering wheel, brake 
pedal applied), how quickly each input was made, 
and how the recorded environmental variables might 
have affected driver response. Drivers’ initial 
exposure to alerts will also be investigated.  

 

Figure 3. Sequence of Dependent Variables 
pertaining to driver behavior adapted from previous 
test track studies. 

The results will be compared to related test track 
research. For example, the research team will 
compare the observed transition times and sequences 
to the findings from the Human Factors Evaluation 
of Level 2 and Level 3 Automated Driving Concepts 
study that was performed for NHTSA (Blanco et al., 
2015). Whether driver responses change over the 
course of their participation will also be assessed.  

Vehicle variables—including speed and headway 
during the sampled MFA activations, alerts, and 
SCEs—are also being collected, allowing for an 
assessment of any issues in headway and automated 
lateral control during MFA activation. The maximum 
deceleration following an alert or SCE will be 
recorded. The environmental variables identified 
from the video will include an assessment of the 
roadway type, roadway markings, traffic density, 
relation to junction, weather conditions, and lighting 
conditions, as well as other variables that can define 
the driving context.  

PROJECT STATUS 

Data collection for the project is currently underway, 
with 47 participants having completed the study. 
Nearly all participants have exceeded 1,200 miles of 
driving while in the study. Data reduction and 
analysis are also ongoing; however, no results are 
ready for presentation at this time. Data collection is 
scheduled to be completed in December 2017 with 
final analysis and reporting of the results due to 
NHTSA in April 2018.  
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ABSTRACT 

 

 

Current vehicles don’t evaluate the number of occupants in a crash. Automatic Crash Notification systems 

(ACN) (i.e. OnStar, eCall) require crash dataset. This dataset includes information to support a crash severity 

evaluation (i.e. Advanced Automatic Crash Notification & Injury Severity Prediction). AACN & ISP support 

the emergency response by triggering rapidly the proper medical response.  

However, to this date, one valuable piece of information is still missing: the occupancy. The occupancy 

number would enable an emergency response with the proper magnitude. In the post-crash notification 

systems, a proposed feature is named Occupant Count Prediction or OCP. 

With OCP, PSAPs (Public Service Answering Points) would obtain a predicted occupant count allowing 

them to tailor the emergency response magnitude to the actual crash. Ambulances or ERTs would be 

dispatched when/where needed, in the correct numbers, thereby increasing efficiency.  

This paper identifies several formulas to quantify OCP. It is also discussed an array of sensors which could 

be used as input into those OCP formulas. The analysis includes the accuracy of several sensor combinations 

and demonstrates a relationship between the number of sensors and the prediction accuracy. 

GIDAS is used for validating, or predicting the accuracy of, an Occupant Count Prediction algorithm. For 

most OCP formulas, the accuracy is above 94%. The accuracy gets upward of 99% in vehicle fully equipped 

with sensors. However with the current ubiquitous equipment in today’s typical vehicle we can predict with 

97.6% accuracy the occupant count OCP. 

 

  



VITET 2 

OBJECTIVE 

 

This paper discusses a potential new feature for 

ACN systems. The OCP (Occupant Count 

Prediction) would supply a prediction of 

occupancy in a crashed vehicle. This feature 

leverages a few typical sensors inside the vehicle. 

Several variants of sensor combination and OCP 

formulas are proposed. GIDAS is used to evaluate 

the field accuracy of OCP predictions. 

 

 

METHOD 

 

This paper describes several steps. The first is to 

process the GIDAS database to obtain a field 

description of the vehicles, the number of 

occupants and their belt usage. The second step is 

to identify a set of vehicle sensors and their 

output. The third step is to identify several 

formulas using combinations of sensors to predict 

the number of occupants. The fourth, and last 

step, is to compare the predictions with the actual 

number of occupants and gauge the accuracy of 

each sensor set and formula. 

 

 

OCCUPANT DATA 

 

The GIDAS database contains a large number of 

accident cases. The dataset is filtered for cases 

with passenger vehicles, resulting in a set of 

21315 accident cases. For the purpose of this 

analysis, only cars with up to 5 seating positions 

are considered. 

 

Some accidents cases contain more than one 

vehicle. Looking at these independently, the 

number of individual vehicles represented is 

29876. Processing further down to the number of 

occupants, this accident set contains 43448 

passengers. GIDAS is considered to be a good 

sample of the accident field. 

 

The occupancy distribution breakdown is given in 

Table 1. 

 

Table 1. Occupant set position distribution 

 

Total 

number of 

occupants 

43448 100% 

Driver 29852 69% 

Passenger 8906 20% 

Rear Left 1933 4% 

Rear Right 2392 6% 

Rear Center 365 1% 

For each passenger, these 6 types of parameters 

are extracted: 

1. Position in vehicle 

2. Belt usage 

3. Age, Age group 

4. Size, estimated size 

5. Weight, estimated weight 

6. Gender (inclusive pregnancy) 

 

Note on the weight: in GIDAS the weight is given 

but also an estimated weight. Going forward the 

“weight” is understood as the smaller of the 2 

weights. 

 

 

SENSORS DESCRIPTION 

 

In this paper, only 2 types of vehicle sensors are 

considered: 

1. Buckle sensor 

2. Occupant detection sensors. 

 

The Buckle sensor is the common ubiquitous sensor. 

For the evaluations below, this sensor is assumed to 

supply the information to the algorithm that the 

occupant is belted when the occupant is identified as 

belted in the GIDAS files. 

 

The Occupant detection sensors are also quite 

common nowadays. There are 2 main types: the 

advanced occupant sensing (capable of 

differentiating between persons and child seats) and 

the simpler contact-strip used mainly to cut off belt 

warnings when seats are empty. 

 

 

IMPLICIT DRIVER PRESENCE 

 

In most if not all vehicles, the driver seat is not 

equipped with an occupant detection system, 

because it is assumed the driver is always present in 

the vehicle. In the next steps, some the proposed 

algorithms will also use the same logic and assume 

a driver presence. 

 

 

OCCUPANT AND VEHICLE DATA 

PROCESSING 

 

The first step in this processing is the occupants’ 

set from GIDAS. Every occupant file is processed 

to obtain his position in the car, his belt usage, 

age, weight, etc. 

 

The OCP’s goal is to provide an accurate count of 

the persons present inside the vehicle. The 

persons may be present, but they need to be 

counted. 
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Buckle sensor 

The buckle sensor returns the information of belt 

usage. For the OCP, the buckle sensor’s output is 

used as a surrogate measure of presence: 

 

Belt used = Occupant counted 

 

If the belt parameter is unknown or NA, then the 

output is considered as “not buckled”, and 

therefore the occupant is not counted. 

 

 

Occupant detection sensor 

The Occupant detection sensor provides a direct 

information of presence. The occupant’s weight is 

the main characteristic driving the sensor output. It 

is assumed that the sensor would provide a 

confirmation of presence if the person’s weight is 

above 15kg. Unfortunately, in some GIDAS 

accident cases, the weight is unknown or 

undocumented. In this case, the age of the person is 

used as a surrogate. In the absence of weight data, a 

positive detection is assumed when the person is 7 

years old or older. If weight, age, age group are all 

unknown, then size, or estimated size, and 

pregnancy status were used to qualify the person 

into the adult/non-child age group. 

 

The parameters used in this order: 

Weight or estimated weight (>=15kg) 

Age or estimated age  (>=7y) 

Age group   (>=6-12y) 

Size or estimated size  (>=150cm) 

Pregnancy   (yes) 

 

If all of the above parameters are unknown, as a 

conservative measure, the occupant will be 

considered undetected by the occupant detection 

system. Precisely, 1210 occupants remain without 

any information supporting a determination for 

the occupant sensor. 

 

641 of 1210 are actually belted. 

23 of 1210 are actually unbelted. 

545 of 1210 have an unknown belt status 

1 of 1210 as an NA belt status. 

 

The 641 belted occupants with unknown detection 

potential may be captured by the buckle sensor 

when used by the algorithms. 

 

Occupant detectable = Occupant counted 

 

If the above parameters driving detection are 

unknown or NA, then the occupant is considered 

as “undetected”, and therefore the occupant is not 

counted. 

 

 

 

SENSORS COMBINATIONS 

 

Vehicles can be equipped differently with 

sensors. The objective is to consider a few 

relevant sensor combinations and apply some 

logical variants. 

 

The Buckle sensors, the occupants’ sensors, and 

the implicit driver presence are combined in these 

7 variations Vx: 

 

V1: Belt sensors on every seats only 

V2: Driver + belt sensors 

V3: Occupant detection sensors on every seats 

only 

V4: Driver + occupant detection sensors 

V5: Belt and weight sensors on every seat 

V6: Driver + belt & occupant detection sensors 

V7: Driver + Passenger Belt & Detection + belt 

sensors in the rear 

 

The objective for V2, V4, and V6 is to determine 

if the “implicit driver” increases the accuracy of 

the OCP. 

 

V6 is designed to be the most comprehensive 

sensor combination with the implicit driver. It is 

expected to be the most accurate 

 

The risk of over counting existing here 

exclusively because of the implicit driver. In some 

rare cases, a vehicle in involved in an accident 

without a driver. The formulas with an implicit 

driver will provide an over count by one. 

 

The risk of under-counting exists also. It is driven 

by 2 factors: 

1. Unbelted occupants 

2. Undetected occupants 

 

The lack of information on the 545 of 1210 

occupants identified above as unbelted with 

unknown weight/age will appear as undercounted 

if they are not drivers and cover by the implicit 

driver. 

 

 

 

OCP CALCULATIONS 

 

The previous steps are laying the ground work at the 

occupant level. The buckle sensor output and the 

occupant detection output are defined. The seating 

positions are known, which allows processing an 

implicit driver as well. 

 

For the OCP, the evaluation needs to get back to the 

vehicle level. In a spreadsheet, every vehicle will 

have for every position 3 sensor outputs: 
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1. Buckle sensor 

2. Occupant detection sensor 

3. Both combined (with a Boolean “OR”) 

 

Furthermore, every vehicle will have the 7 

variations of sensors calculated 

 

 

Example of formula for V7: Driver + Passenger 

Belt & Detection + belt sensors in the rear 

 

OCP(V7)= 1+ 

 PassengerBuckle(OR)PassengerDectection + 

 RearLeftBuckle +RearCenterBuckle + 

 RearRightBuckle 

 

 

 

COMPARISON OF OCP WITH REAL 

OCCUPANCY 

 

The results summary for the OCP evaluations is 

in Table 2. It also includes details about the 

number of cases with over- and undercounting 

occurs and by which amount. 

 

In Table 3, the % of correct prediction is 

calculated, as well as % of over and under-

predictions. 

 

 

Table 2: OCP results 
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OCP 

result 
36533 41210 42683 42848 43272 43378 42496 

Diff. to 

occupanc

y 
6915 2238 765 600 176 70 952 

% diff. 
15.

9% 

5.2

% 

1.8

% 

1.4

% 

0.4

% 

0.2

% 

2.2

% 
Over 

counting 

by 1 
0 15 0 22 0 24 20 

Correct 

Predictio

n 

24556 28169 29226 29320 29727 29770 29169 

Under 

Counting 

by 1 
4143 1306 557 459 130 74 464 

Under 

Counting 

by 2 
884 243 75 63 12 4 161 

Under 

Counting 

by 3 
192 111 15 11 6 4 62 

Under 

Counting 

by 4 
77 32 2 1 1 0 0 

Under 

Counting 

by 5 
24 0 1 0 0 0 0 

 

Table 3: OCP results, % of over, under and 

correct predictions 
 

Numbe

r of 

Veh. = 

29876 

V1 V2 V3 V4 V5 V6 V7 

Over-

predict 

0.0

0% 

0.0

5% 

0.0

0% 

0.0

7% 

0.0

0% 

0.0

8% 

0.0

7% 

Correct 
82.

2% 

94.

3% 

97.

8% 

98.

1% 

99.

5% 

99.

6% 

97.

6% 

Under-

predict 

17.

8% 

5.7

% 

2.2

% 

1.8

% 

0.5

% 

0.3

% 

2.3

% 

 

 

 

CONCLUSIONS 

 

It is possible to use GIDAS for predicting, or 

validating, the accuracy of an Occupant Count 

Prediction algorithm. Most formulas have an 

accuracy above 94%. The accuracy gets up to 

99.6% in vehicle fully equipped with sensors. 

However with a typical equipment in today’s 

vehicle (buckle sensors on all seats and a front 

passenger detection) we can predict with 97.6% 

accuracy the occupant count. 
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ABSTRACT 

This paper presents preliminary estimates of the target crash populations that could be addressed by automated light 
vehicles. These estimates are derived from a method that identifies automated vehicle functions, their automation 
levels, and operational characteristics; maps this information to five layers of crash information including crash 
location, pre-crash scenario, driving conditions, travel speed, and driver condition; and then queries the General 
Estimates System and Fatality Analysis Reporting System crash databases. This paper focuses on automated vehicle 
functions at automation levels 2 through 4 as defined by the National Highway Traffic Safety Administration. This 
paper also details an approach to account for levels 0 and 1 automated vehicle functions and their applicable safety 
benefits when estimating target crash populations for automated vehicle functions at levels 2 through 4. Target crash 
populations are quantified in terms of the annual frequency of all crashes, fatal-only crashes, and comprehensive 
costs broken down by level of automation. The L2-L4 concept automated vehicle functions address single-vehicle 
crashes such as road departure, pedestrian, and animal crashes; and multi-vehicle crashes such as rear-end, lane-
change, opposite-direction, and intersection-crossing-path crashes.  

INTRODUCTION 

Automated vehicles have the potential to reduce 
motor vehicle crashes and mitigate the severity of 
injuries by performing driving controls effectively 
without the constraint of driver inputs. The target 
crash populations (TCPs) that could be addressed by 
automated vehicles depend on their specific 
functions, level of automation, and operational 
conditions.  
 
This paper presents preliminary estimates of TCPs 
for automated vehicles based on a methodology that 
maps concept automated vehicle functions to national 
crash data [1]. This analysis considers automation 
levels as defined by the National Highway Traffic 
Safety Administration (NHTSA). It should be noted 
that a follow-on analysis is currently underway to 
update these preliminary TCP estimates using 
automation levels as defined by the Society of 
Automotive Engineers (SAE).  
 
Automation Levels 
NHTSA has defined the following five levels of 
automation that are distinguished by the degree of  

 
 
shared control and monitoring authority between the 
driver and the vehicle [2]. 
 
NHTSA Level 0 – No Automation (L0): this involves 
no automated functionality and accounts for crash 
warning systems. 
   
NHTSA Level 1 – Function-Specific Automation (L1): 
this involves one or multiple specific control 
functions operating independently from each other.  
The driver has overall control, and is solely 
responsible for safe operation, but can choose to cede 
limited authority over a primary control (e.g., 
adaptive cruise control). The vehicle can 
automatically assume limited authority over a 
primary control (e.g., electronic stability control), or 
can provide added control to aid the driver in certain 
normal driving or crash-imminent situations (e.g., 
automated emergency braking). 
 
NHTSA Level 2 - Combined Function Automation 
(L2): driver cedes primary control of at least two 
primary control functions designed to work in unison 
in certain limited driving situations, but is still 
responsible for monitoring and safe operation of the 
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vehicle. The driver is expected to be available at all 
times to control the vehicle. 
 
NHTSA Level 3 - Limited Self-Driving Automation 
(L3): driver can cede full control and monitoring 
authority of all safety-critical functions under certain 
traffic and environmental conditions. The driver is 
expected to be available for occasional control of the 
vehicle. 
 
NHTSA Level 4 - Full Self-Driving Automation (L4): 
driver provides navigation input but is not expected 
to be available for control of the vehicle. The vehicle 
is designed to safely perform all safety-critical 
driving functions and monitor roadway conditions for 
an entire trip. 
 
Variations in Automation Level Definitions 
The SAE has developed definitions and a 
methodology to determine the various levels of 
automation [3]. Even though the TCP results 
presented in this paper are based on the NHTSA 
definitions, the same methodology can be applied to 
revise the TCP estimates using the SAE definitions. 
Table 1 shows the relationship between the levels of 
automation as defined by NHTSA and SAE.   
 

Table 1. 
Comparison of Automation Level Definitions 

between NHTSA and SAE 

Automation Level Conversions 
NHTSA → SAE 

NHTSA SAE 
L0 No Automation L0 No Automation 

L1 
Function-
Specific 

Automation 
L1 

Driver 
Assistance 

L2 
Combined 
Function 

Automation 
L2 

Partial 
Automation 

L3 
Limited 

Self-Driving 
Automation 

L3 
L4 
L5 

Conditional, 
High, 

Full Automation 

L4 
Full 

Self-Driving 
Automation 

L4 
L5 

High, 
Full Automation 

 
Research Focus 
This paper is focused on estimating the TCPs for 
NHTSA L2-L4 automation levels in light vehicles 
(e.g., passenger cars, vans and minivans, sport utility 
vehicles, and pickup trucks with gross vehicle weight 
rating less than or equal to 10,000 pounds). It 
describes and exercises a method to determine the 
TCPs that could be addressed by L2-L4 levels in 

general, and the incremental TCPs that could not be 
addressed by crash avoidance applications or L0-L1 
levels. Using NHTSA’s General Estimates System 
(GES) and Fatality Analysis Reporting System 
(FARS) crash databases, the application of this 
method yields TCP estimates in terms of the annual 
frequency of all target crashes, fatal-only crashes, and 
comprehensive costs.  
 
Future research would provide potential safety 
benefits for automated vehicles by multiplying the 
TCP values with estimates of the crash avoidance 
effectiveness of various automated vehicle functions. 
These crash avoidance effectiveness estimates need 
to be derived from research studies and field 
operational tests that collect and analyze driver-
vehicle-roadway performance data for various 
automated vehicle systems. 
 
Previous Research 
NHTSA has conducted a crash causal study that 
analyzed 5,471 passenger vehicle crashes within the 
United States between 2005 and 2007. This analysis 
determined the pre-crash events and critical factors 
related to the actions that led to a crash [4]. Results 
from this study suggest that human error is the 
critical reason for 93% of crashes. Human errors 
were categorized into recognition (e.g., inattentive, 
distracted), decision (e.g., too fast, gap misjudgment), 
performance (e.g., overcompensation, poor control), 
and non-performance (e.g., sleepy, ill) errors. Thus, 
automated vehicles at all levels of automation could 
potentially address a part of these crashes by 
supporting driver attention and response, and 
providing automatic vehicle control in both normal 
driving tasks and crash-imminent situations [5]. 
 
By compensating for driver error, many presentations 
and articles viewed the 93% of crashes as a 
preliminary estimate for the potential TCPs of 
automated vehicles. This general estimate is made 
independent of the prospective automated vehicle 
functions and their automation levels (i.e., L2-L4), 
and does not account for the crashes that would be 
avoided with crash avoidance systems and other 
motor vehicle safety applications (i.e., L0-L1). For 
example, forward crash warning (FCW) systems (i.e., 
L0) alert drivers to a potential crash with a slower or 
stopped lead vehicle. Rear-end crashes are the TCP 
for FCW within the operational conditions of the 
system. On the other hand, an L2 automated car-
following function, which controls the headway to 
lead vehicles and keeps the vehicle within the travel 
lane, would also target rear-end crashes mostly on 
highways. Hence, the analysis in this paper seeks to 
refine this general TCP estimate (93% of crashes) by 
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identifying TCPs for individual automated vehicle 
functions and levels of automation, finding target 
crash overlaps among automated vehicle functions, 
and accounting for incremental target crashes 
between L0-L4 automation levels. 
 
APPROACH 
 
This analysis follows a three-step approach: 

1. Identify automated vehicle functions, their 
automation levels, and operational 
characteristics: this step identifies and describes 
the concepts of operation for prospective L2-L4 
automated vehicle functions as reported in 
literature. Analogous examination into L0 and 
L1 systems of interest that may share TCPs with 
higher levels of automated vehicle functions was 
also conducted. The analysis only considers the 
L0 and L1 functions that have been implemented 
or tested as prototype or production systems in 
light vehicles. 

2. Map this information to five layers of crash 
information including crash location, pre-crash 
scenario, driving conditions, travel speed, and 
driver condition: this step seeks to map the 
automated vehicle functions and their operational 
conditions to the crash information where they 
may apply. The applicability to crash 
information is dependent on the operational 
capabilities of each automated vehicle function 
and the availability of pertinent information. Key 
crash information includes: pre-crash scenarios 
and their characteristics, crash contributing 
factors of the driving environment and vehicle, 
and detailed crash causes associated with the 
driver. 

3. Query and estimate TCPs from national crash 
databases: based on results from steps 1-2, this 
step queries the GES and FARS crash databases 
and analyzes the data to yield the annual 
numbers of all police-reported and fatal-only 
crashes, and the comprehensive economic costs 
based on the numbers of injured persons and 
their injury levels, which could be addressed by 
L0-L4 functions individually and incrementally. 
This is accomplished by accounting for potential 
safety benefits as estimated from previous 
benefits studies addressing foundational L0-L1 
crash avoidance technologies, then aggregating 
the results of the individual L0-L4 functions to 
the respective level of automation. The results of 
this analysis provide realistic incremental TCPs 
and thus can be used as basis for subsequent 
safety benefit estimates for automated vehicle 
functions.   

AUTOMATED VEHICLE FUNCTIONS 

L2-L4 automated vehicle functions [6]: 
• Can aid in driver vigilance; e.g., watch for 

forward collision or ensure vehicle heading. 
• Can decrease total driver workload and mitigate 

driver fatigue. 
• Monitor the driving environment at a constant 

level of alertness, which may eliminate small 
driver errors such as steering reversal. 

• May offer some protection from distraction. 
• May correct or prevent poor decisions of novice 

drivers. 
 
Thus, automated vehicle functions may address 
crashes in any pre-crash scenario caused by driver 
physiological impairment or driving task errors 
including driver recognition, decision, and action. 
This paper considered a list of concept automated 
vehicle functions as described below [7] [8]. This list 
reflects the available information at the time of the 
analysis. Functions were considered for analysis 
based on the availability of detailed operation design 
domain, vehicle operations, and effectiveness 
estimates (for L0 and L1 functions only). Many other 
systems were also identified; however, these concepts 
were not incorporated into the analysis due to the 
lack of information.  
 
L2 Automated Vehicle Functions 
Level 2 concept functions considered in the analysis 
include the following applications: 
 
Adaptive Cruise Control (ACC) with Lane Keeping, 
Lane Change, and/or Merge: these functions keep the 
vehicle in its intended lane of travel (i.e., lane 
keeping) and at a desired headway to the lead vehicle 
or, if no lead vehicle is present, maintain a constant 
speed (i.e., ACC). They also support the driver in 
passing maneuvers where the vehicle automatically 
proceeds to change lanes after the driver approves 
each maneuver separately (e.g., by actuation of a 
button). Moreover, they allow other vehicles to 
merge onto the roadway. These functions perform on 
highways at travel speeds up to 130 km/h (~ 81 mph). 
 
Traffic Jam Assist: this function performs car-
following (i.e., longitudinal control) and lane keeping 
(i.e., lateral control) on highways at slow speeds. It 
supports the driver with monotonous driving in traffic 
jams on highways at speeds of up to 60 km/h (~ 37 
mph). This function follows a lead vehicle at a safe 
distance and keeps the host vehicle in the center of 
the lane. The function is only available if slow-
moving vehicles are detected in front. The driver 
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monitors the system constantly and intervenes if 
required (e.g., if the vehicle is going to exit the 
highway at an exit or interchange, a vehicle needs to 
merge into traffic, or the traffic jam situation ends). 
 
Automated Roadwork (or construction zone) 
Assistance: this function navigates the vehicle 
through a work zone at limited speeds. It supports the 
driver while driving in construction zones on 
highways by adjusting the velocity according to the 
speed limit and traffic flow. Furthermore, it applies a 
course corrective steering momentum if the driver is 
steering too close to vehicles in the adjacent lane, or 
too close to the edge of the lane (e.g., guardrails, road 
barriers and/or traffic cones). 
 
Automated Parking: this function provides parking 
assistance with automatic steering and accelerating/ 
braking maneuvers with the driver located in the 
driver’s seat monitoring the system and environment. 
 
L3 Automated Vehicle Functions 
Level 3 concept functions considered in the analysis 
include the following applications: 
 
Automated Highway Driving: this function performs 
ACC with lane keeping, lane change, and merge as in 
Level 2 but it allows the driver to turn his attention 
away from the driving task. In addition to allowing 
other vehicles to merge, this function allows the host 
vehicle to automatically merge onto and exit the 
highway. However, the driver is in position to resume 
control with a suitable lead time if a takeover request 
from the system occurs. 
   
Coordinated Convoy: this function controls the 
longitudinal and lateral dynamic aspects of the 
vehicle on highways at all speeds including entering 
and leaving the convoy. It is similar to Automated 
Highway Driving except that participating vehicles 
also exchange additional critical information such as 
their speeds and headways to other vehicles in the 
convoy. This critical information must be exchanged 
quickly and accurately. One way this may be 
implemented is through low-latency wireless 
communications. Convoying could enable shorter 
time headways between vehicles within the convoy 
on a highway for purposes of potentially reducing 
fuel consumption by slipstream driving and 
increasing road throughput capacities. Convoy 
members might be passenger cars and/or trucks. The 
driver of a following vehicle in the convoy may be 
able to divert his own attention from the driving task 
in the specific scenario of a convoy on a highway. 
However, the driver is in position to resume control 

with a suitable lead time if a takeover request from 
the system occurs. 
 
Emergency Stopping Assistant: this function operates 
on highways. It can detect when the vehicle’s driver 
is incapacitated and can safely maneuver the vehicle 
to park on the side of the road. 
 
Automated Parking: this function maneuvers the 
vehicle in large or narrow parking spaces with the 
driver out of the vehicle initiating and stopping, if 
required, the parking maneuver by remote control. 
 
L4 Automated Vehicle Functions 
Level 4 concept functions considered in the analysis 
include the following applications: 
 
Automated Urban Shuttle: it performs automated 
functions that operate in designated city streets and is 
functional at relatively slow speeds in designated 
zones including city streets and campuses. It 
accomplishes the complete dynamic driving task 
from origin to destination in a prescribed and limited 
urban environment. Its maximum speed may be 
limited to 40 km/h (∼ 25 mph). The dynamic driving 
task consists of all the real-time functions required to 
operate a vehicle in on-road traffic such as obstacle 
detection, event response, and maneuver planning.  
Navigation or route planning is excluded. 
 
Automated Universal Shuttle: it performs automated 
functions that operate in all traffic ways (e.g., urban 
roads, rural roads, highways etc.) with maximum 
speed up to 130 km/h (~ 80 mph). Since there are no 
limitations concerning scenarios or environment for 
most of the drivers, the automated universal shuttle 
would be an equivalent replacement for today’s 
vehicles. 
 
Emergency Stopping Assistant: this function operates 
on all roads. It detects when its driver is incapacitated 
and safely maneuvers the vehicle to park on the side 
of the road.  
 
Automated Parking: it fully controls the parking of a 
motor vehicle by providing valet parking where the 
vehicle automatically enters and maneuvers in the 
parking garage, detects and avoids obstacles, 
searches for, and maneuvers into the parking space. 
 
L0 and L1 Automated Vehicle Functions 
Level 0 and level 1 concept functions considered in 
the analysis include the following applications: 
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Alcohol Detection Technology: it warns the driver of 
limited vehicle operation if above-limit alcohol levels 
are detected for the driver. 
 
Back-Up System: it warns the driver of objects and 
persons when backing up. 
 
Blind Spot Warning/Lane Change Warning 
(BSW/LCW): it alerts drivers to the presence of 
vehicles approaching or in their blind spot in the 
adjacent lane. 
 
Drowsy Detection System: it warns the fatigued 
driver and prevents the driver from falling asleep 
momentarily. 
 
FCW: it warns drivers of stopped, decelerating, or 
slower vehicles ahead. 
 
Intersection Movement Assist (IMA): it warns drivers 
of vehicles approaching from a lateral direction at an 
intersection or road junction. This function may 
include a warning to drivers who are about to violate 
and run the red light or stop sign at intersections. 
 
Left Turn Assist (LTA): it warns drivers to the 
presence of oncoming, opposite-direction vehicles 
when attempting a left turn at an intersection or road 
junction. 
 
Road Departure Crash Warning (RDCW): it warns 
drivers of unintentional lane departure or when 
approaching a curve at unsafe speeds. 
 
ACC and Cooperative ACC (CACC): it supports the 
driver in longitudinal speed control by maintaining a 
constant headway to a lead vehicle directly in front or 
maintaining a constant speed set by the driver if no 
lead vehicle is present.  
 
Automated Emergency Braking (AEB): it supports the 
driver in imminent crash situations by automatically 
applying maximum braking level (i.e., longitudinal 
control) in an attempt to avoid a collision or reduce 
the resulting impact speed.   
 
Automated Parking with Automated Steering Control 
Only: it provides the driver with lateral control of the 
vehicle in parking situations, while the driver 
maintains acceleration, brake, and speed control (i.e., 
longitudinal control).  
 
Automated Roadwork Assistance with Automated 
Lateral Control Only: it supports the driver in clearly 
defined roadwork areas by providing lateral control 
to navigate narrow lanes constrained by adjacent 

vehicles, road barriers, guard rails, and/or traffic 
cones.   
 
Electronic Stability Control (ESC): it aids in 
situations where the driver may be losing steering 
control or the vehicle may be losing traction by 
automatically applying the brakes (i.e., longitudinal 
control) to individual wheels to regain control of the 
vehicle.    
 
Ignition Interlock: it prevents a driver from operating 
the vehicle if the driver has been drinking alcohol. 
All States have enacted legislation requiring or 
permitting the use of breath-alcohol ignition interlock 
devices for repeat driving-while-intoxicated drivers 
to prevent alcohol-impaired driving. 
 
Pedestrian Crash Avoidance and Mitigation 
(PCAM): it supports the driver by applying automatic 
braking (i.e., longitudinal control) in imminent crash 
situations with a pedestrian in attempt to avoid the 
crash or reduce impact speeds.   
 
Table 4 in the appendix summarizes the list of 
concept automated functions identified and 
obtainable operational condition information. This 
information reflects details available from the 
literature at the time of this analysis (e.g., maximum 
speeds). This paper assumes that each automated 
vehicle function will mature in a timely manner and 
uses the intended operational capabilities when 
estimating the TCPs (e.g., Coordinated Convoy was 
only tested at a speed of 56 mph (85 km/h) and gaps 
of 5-15 meters, but platooning would plausibly occur 
at higher highway speeds).   
 
Some automated vehicle functions (e.g., Highway 
Driving and Automatic Parking) transcend multiple 
levels of automation. These functions may be 
designed for minimal or full automation at the 
discretion of the manufacturer. An automatic parking 
feature may only control lateral motion when parallel 
parking or can allow the driver to leave the vehicle 
and have the vehicle park itself. The information 
obtained from this analysis was compared to 
variables in the GES and FARS crash databases to 
develop a mapping system that enables the 
correlation of automated vehicle functions to 
historical crash information.  

MAPPING AUTOMATED FUNCTIONS TO 
CRASH DATA 

For specific automated vehicle functions, it is 
important to determine their applicable crash 
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characteristics. Figure 1 illustrates the process used to 
map the specific automated vehicle functions to the 
crash data. This process correlates automated vehicle 
functions and their capabilities to the crash 
information available. The following key crash 
characteristics help to decide on the applicability of 
automated vehicle functions: crash location, pre-
crash scenario, driving environmental conditions, 
vehicle travel speed, and driver condition.   
 

 
Figure 1. Breakdown Process to Correlate 

Automated Vehicle Functions to Crash Data. 
 
Location 
The location of a crash easily identifies the 
applicability of an automated vehicle function to a 
crash. For example, an L0 IMA warning would only 
be issued at an intersection, L1 automated roadwork 
assistance function would only activate in a dedicated 
work zone, or L2 Highway Driving would be limited 
to highways. Furthermore, the general location of the 
crash within the crash data can be obtained from 
variables in the GES and FARS crash databases (e.g., 
dedicated work zone, non-junction, intersection, 
entrance/exit ramp, etc.).  
 

Pre-Crash Scenario 
The pre-crash scenarios depict specific vehicle 
movements and dynamics as well as the critical event 
occurring immediately prior to the crash [9]. Some 
L0-L1 automated vehicle functions are primarily 
designed to prevent specific pre-crash scenarios 
(although secondary pre-crash scenarios may benefit 
from the same function). For example, an L0 FCW 
function is designed to prevent rear-end crashes and 
an L1 PCAM function is designed to prevent 
pedestrian crashes. Some L2-L4 automated vehicle 
functions indirectly address specific pre-crash 
scenarios based on the vehicle maneuvers that are 
automatically performed. For example, L2 ACC with 
Lane Centering would prevent rear-end, drifting, and 
road departure crashes.  
 
By mapping the operational roadway of an automated 
function to the location of a crash, the pre-crash 
scenarios are naturally filtered out (e.g., crossing-path 
crashes don’t occur on a highway for Highway 
Driving functions). The pre-crash scenarios are 
derived from various pre-crash event variables within 
the GES and FARS databases.  
 
Based on the applicable list of pre-crash scenarios, it 
was determined that the No Driver (e.g., operating 
without proper driver input), Non-Collision (e.g., 
engine fire), and Vehicle Failure (e.g., tire blowout) 
pre-crash scenarios could not be addressed by the 
identified automated vehicle functions. These 
incidents are not directly tied to driving tasks and are 
irregular and extreme circumstances.   
 
Driving Condition 
The driving condition seeks to identify the 
environment in which the crash occurred. The 
environment is simplified to lighting, atmospheric 
conditions, and roadway surface conditions. All these 
conditions are readily available within GES and 
FARS databases. The described breakdown maps 
automated vehicle functions to crash data regardless 
of the technology used. However, it is possible that 
some technologies may be limited or suppressed in 
severe driving conditions. For example, a camera-
based L2 ACC with lane keeping may not be 
available for operation on snow-covered roadways or 
an L3 Coordinated Convoy may not operate at high 
speeds on wet or slippery roadway surfaces. When 
projecting the potential safety benefits in the future, 
driving conditions are crucial to estimating the crash 
avoidance effectiveness of these automated vehicle 
functions.   
 

Location

• Intersection Related, Ramp Related
• Highway, Non-Highway
• Work Zone

Pre-Crash 
Scenario

• 37 Pre-Crash Scenario Typology 

Driving 
Condtion

• Lighting, Weather, Surface 
Condition

Travel 
Speed

• Low versus High Speed
• Posted Speed Limit as speed 
surrogate

Driver 
Condition

• Driving Error (Recognition, 
Decision, Erratic)

• Physiological Impairment
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Travel Speed 
Some automated vehicle functions are active at 
certain speeds. For example, an L1 PCAM function 
may not operate at speeds above 45 mph (72 km/h) or 
an L2 ACC with lane keeping may not work at 
speeds less than a typical highway speed (~50 mph or 
80 km/h). Although travel speed is not as readily 
available or accurate in the crash data, this 
information can be deduced from other variables in 
the GES and FARS databases. For instance, it can be 
assumed that the driver is traveling at the speed limit 
if the travel speed is not a contributing factor to the 
crash (GES and FARS variable) on a roadway with 
certain posted speed limit (GES and FARS variable).  
On the other hand, if speed were referenced as a 
crash contributing factor, then it is assumed that the 
driver would be traveling at least +10 mph (16 km/h) 
over the speed limit. This analysis considers the 45 
mph (72 km/h) travel speed as the threshold between 
“low” and “high” speed categories. 
 
Driver Condition 
Ideally, if full automation (L4) were to replace the 
driver in all motor vehicles then all crashes caused by 
the driver would be avoided given that the automated 
functions perform driving tasks without driver input 
and would do so without making any mistakes. 
Driver conditions were broken down into actions and 
physiological impairments, and were classified into 
seven distinct categories based on the available GES 
and FARS driver information:  

1. Recognition errors such as inattention, looked 
but did not see, and obstructed vision. 

2. Decision errors such as tailgating, unsafe 
passing, gap/velocity misjudgment, excessive 
speed, and trying to beat yellow light or other 
vehicle. 

3. Erratic actions such as failure to control vehicle, 
prior evasive maneuver, deliberate violation of 
traffic control device, and willful unsafe driving 
act. 

4. Impaired/ under influence of alcohol, drugs, or 
medication. 

5. Drowsiness from fatigue or being asleep.  
6. Physical impairment from illness, blackout, or 

disability.  
7. Not cited with no information to suggest any 

erroneous action or physiological impairment 
from the police report. 

 
Since the reported driver condition can be subjective 
depending on the combination of information 
provided in the crash data (e.g., drunk, inattentive, 
excessive speed) and that extensive human factors 
testing may be necessary to fully understand the 
capabilities of these automated vehicle functions as 

they relate to the driver, this analysis relegates the 
driver condition to the last layer of the breakdown. 

 
Mapping Functions to Crash Variables 
Table 5, in the appendix, lists the key variables in 
each of the five crash layers. Each concept automated 
vehicle function is mapped through these five layers 
by identifying applicable parameters, and aggregated 
results are used to identify the TCPs for the levels of 
automation. Many of the listed automated vehicle 
functions overlap on many variables. By applying 
this method, the analysis should first map each 
automated vehicle function individually and later 
aggregate the results so as to directly trace and 
account for the overlaps. 

TARGET CRASH POPULATIONS 

Results from the mapping provide preliminary TCP 
estimates of L2-L4 automated vehicle functions in 
terms of all light-vehicle (LV) crashes, fatal-only 
crashes, and comprehensive economic costs based on 
2013 GES and FARS crash statistics. The societal 
costs of motor vehicle crashes that involved at least 
one LV in 2013 are1: 
 

• 5,354,382 police-reported (PR) crashes of all 
severities,  

• 24,074 fatal crashes, and 
• $569,086,000,000 in comprehensive costs. 

 
Economic costs are expressed in year 2010 
economics, which include productivity losses, 
property damage, medical costs, rehabilitation costs, 
congestion costs, legal and court costs, emergency 
services such as medical, police, and fire services, 
insurance administration costs, and the costs to 
employers [10]. Values for more intangible 
consequences such as physical pain or lost quality-of-
life are also incorporated in estimates of 
comprehensive costs.  
 
Baseline Crash Population 
By excluding the societal costs from the No Driver, 
Non-Collision, and Vehicle Failure crash types, this 
mapping analysis starts with the following baseline 
crash populations: 
 

• 5,278,243 PR LV crashes of all severities (98.6% 
of all LV-initiated crashes), 

• 23,607 fatal LV crashes (98.1% of all LV-
initiated fatal crashes), and 

                                                           
1 The light vehicle was the initiator (i.e., following 
another vehicle, making a maneuver in the crash).  
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• $559,640,000,000 in comprehensive costs 
(98.3% of all LV-initiated crash costs). 

 
The main focus of this paper is to determine the 
TCPs of L2-L4 automated vehicle functions.  
However, it is logical to consider L0 and L1 
functions that are or will be simultaneously 
implemented in the LV fleet and will potentially 
provide considerable safety benefits. Mapping the 
operational conditions of L0 and L1 functions 
through the crash layer characteristics enables the 
estimation of their TCPs. The values of the crash 
avoidance/mitigation effectiveness parameter are 
obtained from publicly-available reports.   
 
The TCPs of L2-L4 functions are reduced by the 
societal cost savings that would be accrued only by 
these L0 and L1 functions where applicable. Despite 
their anticipated safety benefits, this analysis does not 
account for any societal cost savings from L0/L1 
functions, including alcohol detection, BSW/LCW, 
drowsy detection, AEB, automated parking, and 
automated roadwork assistance functions, since their 
effectiveness estimates are not cited in any publicly-
available references. In doing so, it is acknowledged 
that this assumption may lead to larger TCPs for L2-
L4 automated systems. If further research revealed 
that these technologies have non-zero effectiveness at 
addressing the crashes analyzed in this paper, then 
the TCPs for L2-L4 would be reduced by the safety 
benefits observed. It should be noted that the L4 
Automated Universal Shuttle function is not 
accounted for in this analysis since it targets all the 
baseline crashes not saved by L0 and L1 functions. 
 
The TCP estimates can then be characterized by the 
level of automation independently (i.e., not 
accounting for target crashes or safety benefits 
observed by other levels) and incrementally (i.e., 
accounting for residual crashes).   
 
Target Crash Population Estimates 
 
Independent of Other High Levels of Automation 
Table 2 presents the results of the mapping analysis 
and data query of the 2013 GES and FARS crash 
databases in terms of societal cost measures. The 
TCP for each individual automated vehicle level is 
listed in the columns with the “Target” heading. The 
“Remainder” column refers to crashes and cost not 
saved by L0-L1 functions and not addressed by each 
individual L2-L4 automated vehicle level.     

Table 2. 
Target Crash Populations for Individual L2-L4 

Automated Vehicle Levels 
Level Measure L0/L1 Target Remainder 

Benefit 

L2 

All Crashes 53,832 438,693 4,785,718 

Fatal Crashes 132 1,127 22,348 

Cost ($ M) $4,568 $35,496 $519,577 

L3 

All Crashes 57,781 468,287 4,752,175 

Fatal Crashes 429.3 2,312 20,866 

Cost ($ M) $8,372 $51,842 $499,426 

L4 

All Crashes 527,668 1,882,120 2,868,456 

Fatal Crashes 2,662 9,896 11,049 

Cost ($ M) $66,282 $215,324 $278,034 

L2 – 
L4 

All Crashes 581,472 2,315,671 2,381,099 

Fatal Crashes 2,792 11,015 9,800 

Cost ($ M) $70,820 $250,644 $238,176 

 
Figure 2 compares the TCP percentages in terms of 
three societal cost measures among the L2-L4 
automated vehicle levels (Percentages are based on 
the total LV-initiated crash population). By 
accounting for the safety benefits from L0 and L1 
functions, the L4 automated vehicle level could 
address the most crashes while the L2 and L3 
automated vehicle levels individually target below 
10% of the LV crash societal cost.  

 
Figure 2. Proportions of Target Crash Populations 
Relative to Light-Vehicle Crash Societal Cost 
(excluding No Driver, Vehicle Failure, and Non-
Collision Pre-Crash Scenarios). 
 
Incremental to Other Levels of Automation 
Table 3 presents statistics about the added TCPs from 
new functions and enhanced capability as automated 
vehicle levels progress from Level 2 to Level 3 and 
from Level 3 to Level 4. That is, this analysis 
assumes that Level 2 functions are 100% effective in 
preventing their target crashes before proceeding to 
estimate the incremental TCP for Level 3 functions. 
Similarly, Level 3 functions are 100% effective in 
preventing their target crashes before proceeding to 
estimate the incremental TCP for Level 4 functions. 
Compared to L2 TCPs, L3 functions yield about 10% 
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increase in all target crashes, double target fatal 
crashes, and address about 50% more of the target 
crash cost. Compared to L3 TCPs, L4 functions 
(excluding the automated universal shuttle) address 
about 4 times the number of all crashes, 7 times the 
number of fatal crashes, and 11 times the crash cost. 
 

Table 3. 
Incremental Target Crash Populations by 

Automated Vehicle Level 

Automation 
Level 

Total Numbers 
All 

Crashes 
Fatal 

Crashes 
Costs  

($ Millions) 
L0/L1 Benefits 581,472 2,792 $       70,820 

L2 438,693 1,127 $       35,496 

L3 43,468 1,212 $       17,346 

L4 1,833,511 8,676 $    197,801 

Remainder 2,381,099 9,800 $    238,176 

Sub-Total 5,278,243 23,607 $    559,640 

Unaddressed ^ 76,139 467 $         9,446 

Total 5,354,382 24,074 $    569,086 

 
Figure 3 illustrates the incremental contribution by 
each level of L2-L4 automated vehicle functions to 
the TCPs. Generally, the L4-level functions 
contribute to about 80% of all target crashes, target 
fatal crashes, and target comprehensive economic 
costs. Percentages are based on the target crash 
population addressed by L2-L4 automated vehicle 
functions, after discounting L0/L1 safety benefits.  

 
Figure 3. Proportions of Target Crash Populations 
Relative to Automated Vehicle Level. 
 
Figure 4 shows the incremental contribution to 
avoiding the comprehensive societal cost figures by 
each automation level as defined by Table 3. 
Percentages are based on the total LV-initiated crash 

population. The aggregate L0 and L1 safety systems 
can provide a 12% safety benefit in terms of crash 
comprehensive costs. Higher levels of automation 
(L2-L4) can address 44% of the crash population 
(LV-initiated) in terms of crash comprehensive costs. 
Approximately 1.7% of costs cannot be addressed by 
any automated vehicle concept function (No Driver, 
Vehicle Failure, and Non-Collision pre-crash 
scenarios). The remaining 41.9% of crash 
comprehensive costs cannot be addressed by any 
automated vehicle concept function defined in this 
paper. 

 
Figure 4. Incremental Proportion Target Crash 
Population for Comprehensive Costs Addressed by 
Automation Level. 

CONCLUSION 

This paper derived preliminary estimates (based on 
the best currently available information) of the TCPs 
for automated vehicle functions at NHTSA levels 2 
through 4 while accounting for the potential safety 
benefits that could be accrued from the full 
deployment of select L0 and L1 functions. These 
estimates were determined based on a method that 
correlated specific automated vehicle functions to 
five layers of crash data. The method involved 
identifying specific automated vehicle functions with 
detailed operational conditions, mapping each 
automated vehicle function through five filters within 
the crash data, and querying the 2013 GES and FARS 
crash databases.   
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This paper estimated that an aggregated list of all 
considered L2-L4 automated vehicle functions 
(except Automated Universal Shuttle) would 
potentially address about 2,316,000 PR crashes, 
11,000 fatal crashes, and 251 billion dollars in 
comprehensive costs annually after accounting for 
the documented safety benefits provided by L0 and 
L1 functions. When using an incremental method: 

• The aggregated list of all considered L2 
automated vehicle functions would potentially 
address about 439,000 PR crashes, 1,100 fatal 
crashes, and 35 billion dollars in comprehensive 
costs annually. 

• The aggregate list of all considered L3 
automated vehicle functions would potentially 
address an additional 43,000 PR crashes, 1,200 
fatal crashes, and 17 billion dollars in 
comprehensive costs annually beyond L2. 

• The aggregate list of all considered L4 
automated vehicle functions (except automated 
universal shuttle) would potentially improve L2 
and L3 TCPs by adding an additional 1,833,000 
PR crashes, 8,700 fatal crashes, and 198 billion 
dollars in comprehensive costs annually.     

 
The Automated Universal Shuttle was not considered 
in the L4 TCP estimates, as this function could target 
all baseline crashes not prevented by L0 and L1 
functions regardless of location, environmental 
conditions, travel speed, or driver condition. 
Including this function, overall L4 functions would 
potentially address nearly all of the LV-initiated PR 
and fatal crashes.  
 
The analysis in this paper was based on publicly-
available information with a variety of uncertainties 
(e.g., types of technologies at each automation level, 
their capabilities, their effectiveness, etc.). The 
preliminary TCP estimates could be further refined as 
the assumptions made are validated and automated 
vehicle concepts and technologies improve and 
mature.   
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APPENDIX  

Table 4. 
Summary of L0-L4 Automated Vehicle Functions. 

Automation 
Level Automated Vehicle Function Operational 

Conditions Roadways 

L0 

Alcohol Detection Technology Drunk Driver All Roads 

Back-Up System Low Speeds All Roads 

Drowsy Detection System Drowsy Driver All Roads 

Warning Systems  
(BSW/LCW, FCW, IMA, LTA, RDCW) 

Speeds > 25 mph All Roads 

L1 

ACC and Cooperative ACC High Speeds Highway 

Automated Emergency Braking Imminent Crash All Roads 

Automated Parking Low Speeds Urban 

Automated Roadwork Assistance Low Speeds Work Zone 

Electronic Stability Control Loss of Control All Roads 

Ignition Interlock Drunk Driver All Roads 

Pedestrian Crash Avoidance and Mitigation Speeds < 45 mph All Roads 

L2 

ACC w/Lane Centering Speeds ≤ 100 mph Highway 

ACC w/Lane Keeping and Lane Change Speeds < 75 mph Highway 

ACC w/Lane Keeping, Lane Change, and Merge Speeds ≤ 81 mph Highway 

Traffic Jam Assist Speeds ≤ 37 mph Urban 

Automated Roadwork Assistance Low Speeds Work Zone 

Automated Parking Low Speeds Urban 

L3 

Automated Highway Driving High Speeds Highway 

Coordinated Convoy Speeds ≤ 56 mph Highway 

Emergency Stopping Assistance Incapacitated Driver Highway 

Automated Parking Low Speeds Urban 

L4 

Automated Urban Shuttle Low Speeds Urban 
Automated Universal Shuttle All Speeds All Roads 
Emergency Stopping Assistance Incapacitated Driver All Roads 
Automated Parking Low Speeds Urban 
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Table 5. 
Key Variables for Crash Layers 

Location Crash Type Driving  
Conditions Travel Speed Driver Conditions 

Highway Animal Daylight No Speed Limit Recognition Error 

Intersection Related Backing Non-Daylight Low Speed Decision Error 

Non-Highway Control Loss Adverse Weather High Speed Erratic Action 

Ramp Related Crossing Paths Clear Weather 

 

Under the Influence 

Work Zone Cyclist Dry Surface Drowsy 

 

Lane Change Slippery Surface Physical Impairment 

Left-Turn Across Path/ 
Opposite Direction 

 

Not Cited 

No Driver 

 

Non-Collision 

Object 

Opposite Direction 

Other 

Parking 

Pedestrian 

Rear-End 

Road Departure 

Vehicle Failure 
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ABSTRACT 
 
As part of its mission to save lives, prevent injuries, and reduce economic costs due to road traffic crashes, the National 
Highway Traffic Safety Administration (NHTSA) researches methods to ensure the safety and reliability of emerging 
safety-critical electronic control systems in motor vehicles. As advanced driver assistance systems and other emerging 
technologies are introduced into new motor vehicles, the overall safety of these advanced electronic systems relies in part 
on the safety of the underlying foundational systems, such as steering systems. 
 
This study applies the Concept Phase (Part 3) of the ISO 26262 industry standard to two generic representations of 
foundational steering systems – electric power steering (EPS) and steer-by-wire (SbW). The generic EPS and SbW system 
architectures were developed based on interviews with industry subject matter experts and through literature describing 
existing EPS and SbW system designs. The paper outlines one approach to performing a Hazard Analysis and Risk 
Assessment (HARA) and developing a Functional Safety Concept. The approach incorporates several analysis methods, 
including Hazard and Operability study, Functional Failure Modes and Effects Analysis, and Systems-Theoretic 
Process Analysis. This approach is then applied to the EPS and SbW systems to identify vehicle-level hazards, and 
derive safety goals and functional safety requirements. 
 
The paper presents the vehicle-level hazards and safety goals derived from the analysis and includes a discussion of “fail-
safe” and “fail-operational” needs, which may inform the derivation of functional safety requirements. The results of this 
study may serve as an example for how different analytical methods could be applied to develop a functional safety 
concept. This study is primarily illustrative of the methods and is not intended to reflect a minimum set of safety 
requirements for existing or future foundational steering systems. Therefore, this paper does not provide any 
functional safety requirements. 
 
 
INTRODUCTION 
 
The mission of the National Highway Traffic Safety 
Administration (NHTSA) is to save lives, prevent 
injuries, and reduce economic costs due to road 
traffic crashes. NHTSA’s regulatory authority is 
largely established around new vehicles. Recognizing 
the increasing prevalence of electronics in today’s 
motor vehicles, NHTSA established the electronics 
reliability research area to study the body of 
methodologies, processes, best practices, and 
industry standards that are applied to ensure the safe 

operation and resilience of safety-critical automotive 
electronic systems. 
 
Two categories of automotive electronic systems – 
advanced driver assistance systems (ADAS) and 
highly automated vehicles (HAVs) – are 
revolutionizing the automotive industry. As these 
electronics-based advanced vehicle technologies are 
introduced into new motor vehicles, the overall safety 
of these advanced electronic systems relies in part on 
the safety of the underlying foundational systems. 
While emerging technologies may be designed in 
accordance with the International Organization for 
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Standardization (ISO) 26262 functional safety 
standard. 
 
This paper describes research by the Volpe National 
Transportation Systems Center (Volpe), in 
conjunction with NHTSA, to develop an example 
functional safety concept for generic representations 
of two such foundational systems – an electric power 
steering (EPS) system and a steer-by-wire (SbW) 
system. 
 
Electric Power Steering System 
The market share for EPS systems is expected to 
increase over the next decade. Some estimates predict 
EPS systems could be installed in over 70 percent of 
North American vehicles by 2021 [1] [2]. 
 
The EPS system is a power-assisted steering system 
that combines the steering input from the driver with 
torque from a power-assist motor. The combined 
steering forces are mechanically transmitted to the 
road wheels [3]. Depending on the EPS system 
architecture, the power-assist motor may be located 
at the steering column or at the rack and pinion. A 
key element of the EPS system architecture is the 
persistent mechanical connection between the driver 
and the road wheels via the steering column. 
 
Figure 1 shows the layout of a generic column assist 
EPS system architecture. 
 

 
 
Figure 1. Depiction of a generic column assist EPS 
system. 

In addition to providing power-assist to the driver’s 
steering input, the generic EPS system analyzed in 
this research includes two additional features: active 
steering and four-wheel steering (4WS). While these 
additional features are not ubiquitous in EPS systems, 
they present unique safety considerations and are 
illustrative of the advanced functionality that may be 
introduced through electronics. 
 

The active steering feature enables the EPS to adjust 
the steering ratio1 as a function of vehicle speed [3]. 
For example, with the active steering feature, the EPS 
control module may decrease the steering ratio at low 
vehicle speeds to make the vehicle more responsive 
to the driver’s steering command. To provide more 
stability at higher vehicle speeds, the EPS control 
module may increase the steering ratio by operating 
the power-assist motor in the opposite direction of 
the driver’s steering command. The active steering 
feature also enables steering independent of the 
driver’s input (e.g., crosswind compensation) [4] [5]. 
 
The 4WS feature controls the rear-wheel heading 
based on the driver’s steering input and vehicle speed 
[6]. The rear wheels may turn “in-phase”2 at higher 
vehicle speeds to provide more stability (e.g., during 
lane change maneuvers) or in “reverse-phase”3 at 
lower vehicle speeds to provide more 
maneuverability. In some 4WS configurations, the 
rear wheels may “toe-in,” or point inward, to provide 
greater directional stability (e.g., during heavy 
braking). 
 
Steer-by-Wire System 
Although several manufacturers and Tier-1 suppliers 
have performed research on SbW systems, only one 
production vehicle currently offers SbW as a feature. 
 
The SbW system measures the torque and angle of 
the driver’s steering input and electronically 
transmits the driver’s steering input to the steering 
actuator assembly (e.g., a steering motor). The 
steering actuator assembly is responsible for 
providing all steering forces required to adjust the 
heading of the road wheels [7] [8] [9]. During normal 
operation of a SbW system, none of the driver’s 
steering inputs are mechanically transmitted to the 
road wheels. Since there is no mechanical connection 
between the steering wheel and the road wheels, the 
SbW system also simulates all feedback to the driver 
via a separate feedback motor. 
 
Figure 2 depicts a generic SbW system and its key 
components. 
 

                                                 
1 The steering ratio defines the relationship between 
how much the heading of the road wheels changes in 
response to the driver’s rotation of the steering wheel. 
2 In-phase means the rear wheels turn in the same 
direction as the front wheels. 
3 Reverse-phase means the rear wheels turn in the 
opposite direction of the front wheels. 
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Figure 2. Depiction of a generic SbW system. 

This study categorizes SbW systems based on 
whether they retain vestiges of the mechanical 
connection between the steering wheel and road 
wheels. A full SbW system does not include a 
steering column or other mechanisms for 
mechanically transmitting the driver’s steering input 
to the wheels. In particular, a full SbW system does 
not include a mechanical backup subsystem. In 
contrast, an intermediate SbW system retains the 
steering column as a mechanical backup subsystem in 
the event of a failure of the electronic portion of the 
SbW system [10]. 
 
The generic SbW system considered in this research 
also includes the active steering and 4WS features 
described previously.  
 
Steering in the Context of Automated Vehicles 
The vehicle’s steering system, along with the 
propulsion and braking systems, comprise the 
foundational actuating systems that enable certain 
ADAS and HAV technologies. For example, 
automated lane centering (ALC) systems may rely on 
the foundational steering system as the primary 
actuator to steer the vehicle along the desired 
trajectory. 
 
The SAE International (SAE) document J3016 
describes the five levels of automation and the 
allocation of the steering and acceleration/ 
deceleration tasks between the driver and the vehicle 
at each level [11].4 While other factors further 
differentiate the five levels of automation, the 
relevant factors for this paper are described below. 
 

                                                 
4 In the September 2016 Federal Automated Vehicles 
Policy, NHTSA adopted the SAE definitions for 
levels of automation [15]. 

Level 0: No Automation – The human driver is 
responsible for all steering and acceleration/ 
deceleration tasks. 
 
Level 1: Driver Assistance – Depending on which 
features are activated, either the steering or 
acceleration/deceleration task is executed by the 
vehicle, but not both. Since the driver retains control 
over either the steering or acceleration/deceleration 
task, it can be expected that the driver is fully 
engaged in the driving task. 
 
Level 2: Partial Automation – The steering and 
acceleration/deceleration tasks are executed by the 
vehicle, but the human driver is responsible for 
monitoring the driving environment and resuming 
control of the vehicle immediately upon request from 
the vehicle system. Studies have documented the 
inherent difficultly for humans to remain engaged in 
a passive monitoring task with no activity [12] [13] 
[14]. This issue of whether the driver of a vehicle 
operating at Level 2 automation is engaged in the 
driving task is crucial for a proper functional safety 
analysis. This paper differentiates between scenarios 
where the driver is fully engaged in the driving task 
and able to immediately resume control of the vehicle 
(“Level 2 (Engaged)”), and scenarios where the 
driver may not be fully engaged in the driving task 
and is therefore unable to immediately and safely 
resume control of the vehicle (“Level 2 (Not 
Engaged)”). 
 
Level 3: Conditional Automation – The vehicle 
executes the steering and acceleration/deceleration 
tasks and is responsible for monitoring the driving 
environment. The human driver is responsible for 
resuming control of the vehicle following an 
appropriate transition time, during which the vehicle 
continues to perform the driving tasks. 
 
Level 4: High Automation – The vehicle executes 
the steering and acceleration/deceleration tasks and is 
responsible for monitoring the driving environment. 
The vehicle is capable of reaching a minimum risk 
state in the event the driver does not resume control 
of the vehicle when requested. Level 4 automated 
systems may only operate in certain driving modes 
(i.e., use cases). 
 
Level 5: Full Automation – The vehicle executes 
the steering and acceleration/deceleration tasks and is 
responsible for monitoring the driving environment. 
The vehicle is capable of reaching a minimum risk 
state in the event the driver does not resume control 
of the vehicle when requested. Level 5 automated 
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vehicles operate in all driving modes, in contrast to 
the restricted set of use cases that define Level 4. 
 
In this paper, the term HAV refers to vehicles 
operating at automation Levels 3 through 5 [15]. 
ADAS typically operate at lower levels of automation 
(Levels 1 and 2).5 
 
FUNCTIONAL SAFETY METHOD AND 
APPROACH 
 
The automotive industry developed ISO 26262 to 
address safety challenges stemming from the trend of 
increasing complexity, software content, and 
mechatronics implementation; and the risks 
associated with both systematic and random 
hardware failures [16]. Specifically, ISO 26262 
focuses on mitigating risks resulting from 
malfunctions of electrical and electronic systems. 
This research identifies and analyzes potential 
hazards that could result from electrical or electronic 
failures which impact the functions of vehicular 
control systems. The study follows Part 3 of ISO 
26262 to identify the integrity requirements of these 
functions at the concept level, independent of 
implementation variations. 
 
This study also considers potential causes that could 
lead to such functional failures and documents the 
technical requirements the ISO 26262 process 
suggests with respect to the identified Automotive 
Safety Integrity Level (ASIL) of the item under 
consideration. While this study does not go into 
implementation strategies to achieve these ASILs, 
ISO 26262 provides a flexible framework and 
explicit guidance for manufacturers to pursue 
different methods and approaches to do so. 
Manufacturers employ a variety of techniques, such 
as ASIL decompositions, driver warnings, fault 
detection mechanisms, plausibility checks, 
redundancies, etc., to achieve the necessary ASILs 
that effectively mitigate the underlying safety risks. 
 
Figure 3 illustrates the hazard analysis and safety 
requirements development process applied in this 
study, which is adopted from the Concept Phase (Part 
3) of ISO 26262 [16]. 
 
Item Definition 
The Functional Safety Concept process shown in  
Figure 3 begins with the item definition. The two 
hazard analysis techniques applied in this study, 

                                                 
5 Traffic jam assistant, which follows a lead vehicle 
while keeping the vehicle centered in the lane at low 
speeds, is one example of this type of ADAS system. 

Hazard and Operability Study (HAZOP) and 
Systems-Theoretic Process Analysis (STPA) require 
different system representations. Therefore, the item 
definition for the EPS and SbW systems included 
enumerating the functions of each system to support 
HAZOP and modelling each system as a hierarchical 
control structure to support STPA. 
 

 
 
Figure 3. Functional Safety Concept process 
applied in this study. 

 
Hazard Analysis 
This study independently applied two hazard analysis 
methods to identify the vehicle-level hazards. 
HAZOP begins with a list of system functions and 
postulates how deviations of those functions (i.e., 
malfunctions) may result in one or more vehicle-level 
hazards [17]. STPA models the system as a 
hierarchical control structure, where proper controls 
and communications in the system ensure the desired 
outcome for emergent properties such as safety [18]. 
In the STPA framework, a system will not enter a 
hazardous state unless a controller issues an unsafe 
control action (UCA) or fails to issue a control action 
needed to maintain safety. The first part of STPA, 
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STPA Step 1, focuses on identifying these UCAs in 
an iterative process to determine the vehicle-level 
hazards. 
 
These two hazard analysis methods consider the 
system operation through different frameworks – 
functions and control actions. Independently 
performing HAZOP and STPA Step 1 and 
synthesizing the resulting hazards, may help yield a 
more comprehensive analysis – either by one method 
identifying additional hazards or by the two methods 
independently confirming the same set of hazards. 
 
Risk Assessment 
This study applied the ASIL risk assessment process 
described in ISO 26262. In this risk assessment 
process, analysts assign an ASIL to each hazard by 
evaluating the dimensions of severity, exposure, and 
controllability for a set of operational situations [16]. 
ISO 26262 defines discrete values for each of the 
three dimensions used to determine the ASIL. For 
example, exposure values range from “E0” for 
operational scenarios with the lowest frequency to 
“E4” for operational scenarios with the highest 
frequency. The ASILs themselves range from “A,” 
which is the least critical ASIL rating, to “D,” which 
is the most critical ASIL rating.  In addition to the 
four ASIL ratings, ISO 26262 specifies a quality 
management (QM) category for hazardous events 
that do not achieve the minimum level of ASIL A 
[16]. 
 
Safety Goals 
Each identified hazard was assigned a safety goal, in 
accordance with ISO 26262. Safety goals are the top-
level safety requirements on the system. The set of 
safety goals identified for a system should address all 
the identified vehicle-level hazards [16]. 
 
Safety Analysis 
As with the hazard analysis step, this study 
independently applied two safety analysis methods to 
identify possible failures and causal factors that could 
potentially result in a vehicle-level hazard. 
 
The Functional Failure Modes and Effects Analysis 
(FMEA) was adapted from SAE Standard J1739 [19]. 
The Functional FMEA focused on the identification 
of failure modes, potential effects, and potential 
failure causes or mechanisms based on the system’s 
functional behavior. Since this study is implemented 
at the concept phase and is not based on a specific 
design, probability estimations for failures and 
detection of failures were not performed. 
 

The second part of STPA, STPA Step 2, involves 
analyzing each component and interaction in the 
control structure representation of the system to 
determine if the component or the interaction may 
contribute to one of the UCAs identified in STPA 
Step 1. This generates a set of causal factors or 
scenarios that can support the development of 
functional safety requirements. 
 
Functional Safety Concept and Requirements 
This study developed an example functional safety 
concept and example functional safety requirements 
by following the remaining portions of Part 3 of ISO 
26262. According to ISO 26262, elements considered 
as part of the functional safety concept include [16]: 
• Fault detection and failure mitigation; 
• Transitioning to a safe state; 
• Fault tolerance mechanisms; 
• Fault detection and driver warning; and 
• Arbitration logic. 
 
The functional safety concept and requirements 
developed in this study are intended to illustrate the 
ISO 26262 process and are not intended to reflect a 
minimum set of safety requirements for existing or 
future foundational steering systems. Therefore, this 
paper does not include any functional safety 
requirements. 
 
RESULTS 
 
Hazard Analysis 
Examples of the HAZOP and STPA Step 1 analyses 
are provided in Table 1 and Table 2, respectively. 
 

Table 1. 
Example HAZOP analysis 

 
Potential 
Hazard 

Unintended vehicle lateral motion/ 
unintended yaw 

Malfunction 
(Incorrect 
direction) 

Measures torque in the opposite 
direction. 

Function Detects steering torque input from 
the driver. 
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Table 2. 
Example STPA Step 1 analysis 

 
Potential 
Hazard 

Unintended vehicle lateral motion/ 
unintended yaw 

Unsafe 
Control 
Action 

The steering control module 
commands the rear-wheels to turn in 
reverse-phase when: 
• steering is not commanded by the 

driver or other vehicle systems. 
Control 
Action 

Commands the rear wheels to turn in 
reverse-phase 

 
The HAZOP and STPA analyses identified four 
potential vehicle-level hazards that may apply to a 
generic EPS system and six potential vehicle-level 
hazards that may apply to a generic SbW system. 
Three potential hazards were common to both the 
EPS and SbW systems, while the remaining potential 
hazards applied only to one system. Table 3 presents 
the potential vehicle level-hazards identified in this 
study along with the applicable foundational steering 
system. Each potential hazard is described in more 
detail in the remainder of this subsection. 
 

Table 3. 
Identified potential vehicle-level hazards 

Potential Vehicle Level Hazard 
System 

EPS SbW 
Unintended vehicle lateral motion/ 
unintended yaw 

● ● 

Insufficient vehicle lateral motion/ 
unintended yaw 

● ● 

Unintended loss of steering assist ●  
Loss of vehicle lateral motion 
control 

 ● 

Reduced responsiveness to the 
driver’s commands due to 
increased rear-wheel drag 

● ● 

Incorrect feedback resulting in an 
incorrect driver reaction 

 ● 

Intermittent response to steering 
control input 

 ● 

 
Since this study only considers generic 
representations of the EPS and SbW systems, the 
potential hazards presented in Table 3 may differ or 
may not apply to specific steering system designs. 
 
Unintended vehicle lateral motion/unintended yaw 
describes situations where the vehicle moves laterally 
more than, at a faster rate than, or in the opposite 
direction of the steering commanded by the driver or 
another vehicle system controller. This hazard also 

covers situations where the driver’s steering 
command overrides an active safety system, resulting 
in more steering than is necessary to maintain the 
safety of the vehicle. 
 
Insufficient vehicle lateral motion/unintended yaw 
describes situations where the vehicle moves 
laterally, but less than or at a slower rate than the 
steering commanded by the driver or another vehicle 
system controller. This hazard also covers situations 
where the driver’s steering command overrides an 
active safety system, resulting in less steering than is 
necessary to maintain the safety of the vehicle. 
 
Unintended loss of steering assist describes situations 
where the EPS system becomes unavailable in an 
uncontrolled manner (e.g., the loss of assist is sudden 
and the driver is not notified). However, mechanical 
steering is still available. Since the scope of ISO 
26262 is limited to electric and electronic systems, 
this study did not consider the loss of mechanical 
steering in EPS systems. 
 
Loss of vehicle lateral motion control is specific to 
the SbW system, where all steering requests are 
transmitted electronically. This hazard describes 
situations where the SbW system does not respond to 
steering inputs from the driver or other vehicle 
systems. 
 
Reduced responsiveness to the driver’s commands 
due to increased rear-wheel drag only applies to 
vehicles equipped with the 4WS feature. This hazard 
describes an incorrect rear-wheel position that causes 
an increased drag effect, slowing the vehicle, but not 
at a level that results in significant vehicle 
deceleration. This drag effect may also affect the 
vehicle’s response to driver inputs, for instance if the 
driver is trying to steer.  
 
Since SbW systems simulate all feedback to the 
driver, incorrect feedback resulting in incorrect 
driver reaction describes situations where the 
feedback provided at the steering wheel is incorrect 
and sufficiently misleading that it causes the driver to 
incorrectly steer the vehicle. Examples of incorrect 
feedback to the driver may include delayed, missing, 
or counterintuitive feedback. 
 
Intermittent response to steering control input 
describes situations where the SbW system does not 
provide a smooth or consistent response to steering 
inputs. Examples of this hazard may include a jerky 
response to steering inputs or a delayed steering 
response. 
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Safety Goals and ASILs 
Details of the ASIL classification exercise and the 
establishment of safety goals will be published in a 
separate report. 
 
Example Fault Tolerant Architectures 
This study considered example fault tolerant 
architectures for the EPS and SbW systems as part of 
the functional safety concept. These fault tolerant 
architectures were identified based on the results of 
the safety analysis and the set safety goals, and 
provided a framework for the derivation of the more 
detailed functional safety requirements. 
 
Considerations for fault tolerant architectures are 
particularly important for SbW systems, since SbW 
systems do not have a direct mechanical connection 
between the driver and the front-wheels during 
normal operation; a key component of the functional 
safety concept is ensuring that the driver retains a 
minimum level of steering capability following an 
electronic fault in the SbW system. This study 
provided examples of two architectural strategies that 
could achieve this requirement: “Fail Safe” and “Fail 
Operational.” 
 
Fail-safe – An electronic system is “Fail-Safe” if the 
system transitions to a safe state to ensure safety of 
the system following one (or several) failure(s) [20]. 
An intermediate SbW system is an example of a fail-
safe architecture, where the system transitions to a 
safe state, such as engaging the mechanical backup, 
following detection of an electronic fault in the SbW 
system. Similarly, a fail-safe EPS system architecture 
would transition to a safe state, such as reverting to 
purely mechanical steering, following the detection 
of an electronic fault in the EPS system. For fail-safe 
architectures, it is important to ensure that the system 
does not violate any of the safety goals when 
transitioning to a safe state. In addition, the driver 
should receive the appropriate notification as the 
system transitions to a safe state. 
 
Fail-safe systems may incorporate redundancy such 
that no single electronic fault is capable of resulting 
in a critical hazard. However, a fail-safe architecture 
may not require the same level of redundancy as a 
fail-operational architecture, since the system is 
designed to transition to a safe state immediately 
following detection of a fault. For example, a fail-
safe architecture may only include two redundant 
controllers. If there is a disagreement due to an 
internal electronic fault in either of the controllers, 
the system transitions to a safe state. Fault effect 
independence must be validated through a method 
such as Common Mode Analysis (CMA).  

 
Figure 4 shows examples of key fail-safe concepts as 
applied to a SbW system. 
  

 
 
Figure 4. Example fail-safe concepts as applied to a 
generic SbW system. 

Fail operational – An electronic system is “Fail 
Operational” if any first electronic fault is detected 
and does not result in a loss of any primary electronic 
system functionality that is essential to the safety of 
the system [20]. In the case of a full SbW system, this 
means ensuring that the SbW system continues to 
provide steering in response to the driver’s steering 
commands without violating any of the system’s 
safety goals. A fail-operational EPS system would be 
capable of providing full electronic steering 
assistance to the driver following any first electronic 
fault. 
 
Following any first electronic fault, if the degraded 
system is no longer fail-operational to any subsequent 
fault, the system may then only qualify as fail-safe. 
Essentially, the system can safely sustain a minimum 
of two fully independent electronic faults prior to loss 
of primary system functionality, at which point the 
system would need to transition to an associated safe 
state. As with the fail-safe architecture, independence 
of the effects of these faults can be validated using 
techniques such as CMA. 
 
Redundancy is commonly used to ensure a fail-
operational architecture. Redundancy can be physical 
redundancy, such as multiple fully redundant 
computing elements that “vote” their outputs. Thus, 
when one element is “out-voted,” a fault is presumed 
and the faulted element is blocked from asserting 
control on the system. Alternatively, “analytical 
redundancy” may be used. By using independent data 
streams, encoding methods, and evaluation 
algorithms, fault effects associated with data 
corruption could be identified and mitigated. 
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Common fail-operational architectures include 
“triplex,” which employs a three-way voting scheme, 
and “dual fail-safe,” which employs two fail-safe or 
fail-silent6 elements. In the dual fail-safe architecture, 
if either element detects a failure, that element is 
blocked from asserting control on the system. Fail-
operational architectures may also be extended to 
provide additional levels of fault tolerance (e.g., 
capable of sustaining three independent faults before 
losing primary system functionality) [20]. 
 
Figure 5 shows examples of key fail-operational 
concepts as applied to a SbW system, by depicting a 
triplex architecture with a three-way voting scheme 
for the controllers and a dual fail-safe architecture for 
the power supply. 
  

 
 
Figure 5. Example fail-operational concepts as 
applied to a generic SbW system. 

 
In the fail-operational schematic shown in Figure 5, 
there is no mechanical backup for the primary 
steering function. Instead, the configuration of 
controllers, sensors, power supplies, and actuators is 
sufficiently redundant to provide full steering 
capability following any single electronic failure. In 
addition to redundancy, detection and mitigation of 
electronic faults in each subsystem is another key 
element of the fail-operational schematic shown in 
Figure 5. 
 
The switch to the redundant system (or removal of 
defective control path from contributing to the actual 
steering control of the vehicle) needs to happen with 
sufficient speed to avoid inducing driver errors or 
violating any of the safety goals. In addition, the 

                                                 
6 A fail-silent element may shut off or enter another 
state that does not provide any outputs to the 
remainder of the system after one (or several) 
failure(s) [20]. 

driver should receive the appropriate notification of 
the error and indication that the vehicle requires 
service since the designed level of redundancy no 
longer exists. 
 
Example Safe States 
The functional safety concept also includes 
consideration of safe states. ISO 26262 defines a safe 
state as an operating mode of the item without an 
unreasonable risk [16]. A safe state may be the 
intended operating mode, a degraded operating mode, 
or a switched off mode. The developer of the 
functional safety concept attempts to maximize the 
availability of the item while ensuring the safety of 
the vehicle operation. Therefore, a careful 
consideration is given to selecting the safe states in 
relation to the potential failure modes. 
 
Table 4 presents example safe states for the generic 
EPS system analyzed in this study. For all the 
example safe states presented in Table 4, the system 
would also provide appropriate notification to the 
driver. 
 

Table 4. 
Example safe states for a generic EPS system 

 
Example Safe State 

1 Disable steering assist at high speeds (restrict 
steering assist to low speeds) 

2 Disable rear-wheel steering assist and return 
rear wheels to straight-ahead position 

3 Disable all steering assist 
 
The first two safe states describe operating modes of 
the EPS system with reduced functionality. 
Specifically, each of these safe states disables certain 
advanced steering functions while leaving the core 
EPS system intact. In the third safe state, the EPS 
system is disabled completely and the foundational 
steering system reverts to purely mechanical steering. 
Mechanical steering does not provide power steering 
assist and would not support advanced features such 
as active steering or 4WS. Transition to the 
mechanical backup system would generally be 
combined with appropriate notification to the driver. 
 
Table 5 presents example safe states for a generic 
SbW system. Table 5 indicates which safe states 
apply to full SbW systems and which apply to 
intermediate SbW systems. For all the example safe 
states presented in Table 5, the system would also 
provide appropriate notification to the driver. 
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Table 5. 
Example safe states for a generic SbW system 

 
Example Safe State Full 

SbW 
Inter. 
SbW 

1 Issue a driver notification, but 
retain full steering availability 

● ● 

2 Restrict propulsion (e.g., 
limp-home mode) 

●  

3 Gradually reduce propulsion 
until vehicle stops 

●  

4 Engage mechanical back-up 
system 

 ● 

5 Disable feedback motor ● ● 
6 Disable rear-wheel steering 

assist and return rear wheels 
to straight-ahead position 

● ● 

 
For the first safe state, the driver is notified of the 
presence of a fault, but the SbW can continue to 
operate with full steering availability – if the system 
architecture can safely allow for full operation 
following the fault (i.e., the system is fail-
operational). If an intermediate SbW system is 
designed to be fail-operational, this first safe state 
may apply. However, if an intermediate SbW system 
is only designed to the level of fail-safe, then the 
SbW system may not support this safe state. 
  
In full SbW systems where the system can no longer 
ensure safe operation – for example, following failure 
of multiple redundant elements – the safe states may 
include gradual reduction of the vehicle speed, as 
described by the second and third safe states [9]. 
 
In intermediate SbW systems, the system may engage 
the mechanical back-up system to maximize the 
availability of the vehicle systems in lieu of other 
approaches, such as reducing vehicle speed. The 
mechanical backup steering subsystem may have 
reduced functionality. For example, the mechanical 
backup may not respond to the driver’s steering 
inputs with the same steering profile as the normally-
operating SbW system (e.g., no power steering). 
Furthermore, the mechanical backup may not support 
advanced features such as active steering or 4WS. 
Transition to the mechanical backup system would 
generally be combined with appropriate notification 
to the driver. 
 
The fifth and sixth safe states describe disabling 
certain features of the SbW system, but these safe 
states retain the primary functionality (i.e., steering). 
 
DISCUSSION 
 

Foundational Steering Systems in the Context of 
ADAS and HAVs 
The example functional safety concepts presented in 
this study were based on generic EPS and SbW 
systems, such as those that may be found in Level 0, 
Level 1, and Level 2 (Engaged)7 automated vehicles. 
However HAVs and Level 2 (Not Engaged)8 
automated vehicles may impose additional 
requirements on the foundational steering systems 
that might not be apparent during an initial analysis. 
These additional requirements arise when considering 
the interface between the ADAS or HAV system and 
the foundational steering system. These interfaces 
might not be fully apparent until the ADAS or HAV 
system design is sufficiently mature. 
 
In particular, the example functional safety concepts 
for the generic EPS and intermediate SbW system 
specify a fail-safe architecture. The safe states for 
these systems include immediately reverting to 
manual control – either by disabling the system 
electronics, as in the EPS system, or by engaging a 
separate mechanical backup, as in the intermediate 
SbW system. However, HAVs must provide the 
driver with sufficient notification before reverting to 
manual control. In the event of a failure in a fail-safe 
EPS or SbW system, immediately reverting to 
manual control would not support the HAV 
requirement to continue operating until the driver 
resumes control of the vehicle. While not a HAV, 
ADAS operating at Level 2 (Not Engaged) may 
encounter similar challenges since the driver may not 
be sufficiently engaged to resume steering 
immediately. 
 
Two possible approaches for implementing 
foundational steering systems that support the full 
range of ADAS and HAV systems include: 

                                                 
7 Level 2 (Engaged) describes a subset of Level 2 
automated vehicles where the automated system is 
capable of ensuring the driver remains fully engaged 
in the driving task. Since the driver is fully engaged 
in the driving task, it is more likely that the Level 2 
assumption that the driver can immediately assume 
control of the vehicle is valid. 
8 Level 2 (Not Engaged) describes a subset of Level 2 
automated vehicles where the automated system 
cannot ensure that the driver is fully engaged in the 
driving task, increasing the potential for the driver to 
misuse (e.g., over-rely on) the system. In these 
instances, the Level 2 assumption that the driver can 
immediately assume control of the vehicle may not 
be valid. 
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• A single fully fail-operational foundational 
steering system, such as a fail-operational SbW 
system. 

• Pairing a fail-safe foundational steering system 
with a second foundational system that provides 
redundant actuation of the ADAS and HAV 
system commands. For example, differential 
braking via the brake/stability control system 
may be able to execute ADAS or HAV system 
commands in the event of a failure that disables 
the electronic portion of the steering system [21]. 

 
As ADAS become more prevalent and HAVs are 
introduced, the foundational steering systems, along 
with other foundational vehicle systems, may need to 
be reassessed to determine if the introduction of 
ADAS and HAVs impose additional requirements on 
these systems. As these technologies continue to 
mature, additional solutions may also be developed 
that are capable of ensuring the foundational steering 
systems can meet the requirements imposed by 
ADAS and HAVs. 
 
CONCLUSIONS 
 
This study applied the Concept Phase of the ISO 
26262 functional safety standard to two generic 
foundational steering systems – an EPS system and a 
SbW system. The functional safety process presented 
in Figure 1 incorporates multiple hazard and safety 
analysis methods, and in particular illustrates how a 
newer hazard analysis method – STPA – can be 
incorporated into the functional safety process. 
Although not required in ISO 26262, application of 
multiple hazard analysis processes may help ensure 
all relevant vehicle-level hazards are identified. 
 
This study developed example functional safety 
concepts for the EPS and SbW system. As part of the 
functional safety concept, this study provided 
examples of fault tolerant architectures that may 
apply to foundational steering systems. However, the 
applicability of these fail-safe and fail-operational 
architectures to the foundational steering systems 
may be affected by requirements imposed by higher 
level ADAS or HAV systems. 
 
Finally, this paper highlights challenges with the key 
assumption that drivers are always available to 
immediately resume control in vehicles with Level 2 
automated systems. In particular, for systems that 
cannot ensure the driver is fully engaged in the 
driving task, Level 2 (Not Engaged), the driver may 
not be able to immediately resume control of the 
vehicle. This case may require special consideration 
in terms of the fault tolerant architecture of the 

foundational steering system. Additional research 
may be necessary to determine the conditions under 
which this assumption for Level 2 vehicles is not 
valid and to identify driver monitoring strategies that 
ensure the driver is fully engaged in the driving task. 
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ABSTRACT 

 

Test and assessment procedures for passive pedestrian protection based on developments by the European 

Enhanced Vehicle-safety Committee (EEVC) have been introduced in world-wide regulations and consumer test 

programmes, with considerable harmonization between these programmes. Nevertheless, latest accident 

investigations reveal a stagnation of pedestrian fatality numbers on European roads running the risk of not 

meeting the European Union’s goal of halving the number of road fatalities by the year 2020. The branch of 

external road user safety within the EC-funded research project SENIORS under the HORIZON 2020 

framework programme focuses on investigating the benefit of modifications to pedestrian test and assessment 

procedures and their impactors for vulnerable road users with focus on the elderly. 

 

Injury patterns of pedestrians and cyclists derived from the German In-Depth Accident Study (GIDAS) show a 

trend of AIS 2+ and AIS 3+ injuries getting more relevant for the thorax region in crashes with newer cars 

(Wisch et al., 2017), while maintaining the relevance for head and lower extremities. Several crash databases 

from Europe such as GIDAS and the Swedish Traffic Accident Data Acquisition (STRADA) also show that 

head, thorax and lower extremities are the key affected body regions not only for the average population but in 

particular for the elderly. Therefore, the SENIORS project is focusing on an improvement of currently available 

impactors and procedures in terms of biofidelity and injury assessment ability towards a better protection of the 
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affected body regions, incorporating previous results from FP 6 project APROSYS and subsequent studies 

carried out by BASt. The paper describes the overall methodology to develop revised FE impactor models.  

 

Matched human body model and impactor simulations against generic test rigs provide transfer functions that 

will be used for the derivation of impactor criteria from human injury risk functions for the affected body 

regions. In a later step, the refined impactors will be validated by simulations against actual vehicle front-ends. 

Prototyping and adaptation of test and assessment procedures as well as an impact assessment will conclude the 

work of the project at the final stage. 

  

The work will contribute to an improved protection of vulnerable road users focusing on the elderly. The use of 

advanced human body models to develop applicable assessment criteria for the revised impactors is intended to 

cope with the paucity of actual biomechanical data focusing on elderly pedestrians. In order to achieve 

optimized results in the future, the improved test methods need to be implemented within an integrated 

approach, combining active with passive safety measures. 

 

In order to address the developments in road accidents and injury patterns of vulnerable road users, established 

test and assessment procedures need to be continuously verified and, where needed, to be revised. The 

demographic change as well as changes in the vehicle fleet, leading to a variation of accident scenarios, injury 

frequencies and injury patterns of vulnerable road users are addressed by the work provided by the SENIORS 

project, introducing updated impactors for pedestrian test and assessment procedures.  

 
 
INTRODUCTION 

 

Test and assessment procedures for passive 

pedestrian protection which are based on 

developments by the European Enhanced Vehicle-

safety Committee (EEVC) have been introduced 

more than a decade ago within and harmonized to a 

large extent between world-wide regulations such 

as GTR9 (2009) and consumer test programmes 

like Euro NCAP (2016). Despite continued 

improvements to passive vehicle safety of 

passenger cars, latest accident investigations 

resulted in a stagnation of pedestrian fatality 

numbers on European roads, facing the risk of not 

meeting the European Union’s goal of halving the 

number of road fatalities by the year 2020. The EC-

funded research project SENIORS under the 

HORIZON 2020 framework programme is 

developing modified pedestrian test and assessment 

procedures and impactors with the aim to improve 

passive pedestrian safety, also addressing the 

particular safety needs of cyclists, with special 

focus on the elderly. In-depth accident studies 

investigate the injury severity of the mostly 

affected body regions of vulnerable road users to 

figure out relevant fields of action. Current 

pedestrian impactors are analyzed regarding their 

ability to address recent accident scenarios, and are 

subsequently modified, where possible. Remaining 

open gaps are closed by the description of new 

impactor concepts. A simulation matrix is being 

established and paired simulations with human 

body models and impactor models against generic 

test rigs will be performed in order to generate 

correlations and transfer functions that can be used 

for existing and new injury criteria. In the next 

phase of the project which is still running until May 

2018, improved pedestrian impactors will be 

prototyped and tested against modified test and 

assessment procedures.     

 

ACCIDENT STUDIES AND INJURY 

PATTERNS 

A recent in-depth investigation of road accidents in 

Germany show the injury severity of different 

vulnerable road user body regions as a consequence 

of collisions with passenger cars. As illustrated in 

figure 1, the study indicates the consistent 

relevance of severe pedestrian head and leg injuries 

(AIS 2+ and AIS 3+) in collisions with passenger 

cars registered between 1995 and 2005 and 

between 2006 and 2013 respectively. Additionally, 

two body regions get into the focus of interest. First 

one is the pelvis area with 14.9 percent of all AIS 

2+ injuries and of 23.3 percent of all AIS 3+ 

injuries. The second body region with an increased 

percentage of severe injuries is the thorax, having 

17.2 percent of all AIS 2+ injuries and 26.7 percent 

of all AIS 3+ injuries. Therefore, in terms of AIS 

3+ pedestrian injuries, the thorax is the most 

relevant body region, followed by head and pelvis 

(23.3 percent each) and lower extremities (20 

percent).  
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Figure 1: Injury patterns occurring in vehicle to 

pedestrian collisions according to AIS98 code 

based on body parts. The Figure shows the 

relations between the injury severity from AIS 2 

(or AIS 3 respectively) to AIS 6 (i.e. AIS 2+ or 

AIS 3+ respectively) in the particular body region 

and AIS 2+ (AIS 3+) injury severities of all body 

regions (Zander et al., 2015). 

 

A similar trend can be observed when looking at 

the bicyclists as the second big group of vulnerable 

road users. Here, as depicted in figure 2, the 

relevance of head and leg injuries is nearly 

unchanged in terms of AIS 2+ injuries. For AIS 3+ 

injuries, both areas show a decrease of 

approximately 5 and 6 percent, respectively. 

Similar to the pedestrians, the thorax area 

demonstrates an increased importance regarding 

AIS 2+ as well as AIS 3+ injuries. Altogether, 

focusing on AIS 3+ injuries, the lower extremities 

are the most relevant body region (34.1 percent), 

followed by the thorax (31.7 percent) and the head 

(17.1%). Also for AIS 2+ injuries, these body 

regions remain the mostly affected ones. 

 

 
 

Figure 2: Injury patterns occurring in vehicle to 

cyclist collisions according to AIS98 code based 

on body parts. The Figure shows the relations 

between the injury severity from AIS 2 (or AIS 3 

respectively) to AIS6 (i.e. AIS 2+ or AIS 3+ 

respectively) in the particular body region and 

AIS 2+ (AIS 3+) injury severities of all body 

regions (Zander et al., 2015). 

 
One main focus of the SENIORS project is the 

consideration of the safety needs of older road 

users. Therefore, based on German and Swedish 

crash data from GIDAS and STRADA, the 

percentages of AIS1, AIS2, and AIS 3+ injuries to 

the different body regions of the age groups 25-64 

and 65+ are displayed in figure 3 for pedestrians 

and in figure 4 for cyclists. Both databases get to 

the same conclusions regarding the mostly affected 

body regions for pedestrians and cyclists and their 

particular relevance for the elderly. When looking 

at the pedestrian injury levels, head, thorax, pelvis 

and lower extremities remain the most relevant 

body regions with the highest portions of AIS2 and 

AIS 3+ injuries. Furthermore, it is obvious that the 

elderly suffer more frequently from severe injuries 

than younger pedestrians. 

 

 
 

Figure 3: Percentages of injury severities for the 

different pedestrian body regions within GIDAS 

and STRADA. Each column adds up to 100 

percent by adding all percentages from AIS0 to 

AIS9. (Wisch et al., 2016). 
 

Injuries to bicyclists show the highest injury levels 

for the head, the thorax and the lower extremities 

being the key affected body regions for both age 

groups. 

 



 

Figure 4: Percentages of injury severities for the 

different bicyclist body regions within GIDAS and 

STRADA. Each column adds up to 100 percent by 

adding all percentages from AIS0 to AIS9. (Wisch 

et al., 2016). 

 

In-depth investigations of the German GIDAS and 

Swedish STRADA data is showing the thorax 

nowadays representing a higher percentage of

severe injuries for both groups of vulnerable road 

users, pedestrians and cyclists. Meanwhile, the 

importance of head and lower extremity injuri

remaining in most cases at the same level 

previously. Furthermore, injury severities of the 

elderly as vulnerable road users especially in the 

described body regions are higher than for the

group between 25-64 years. It thus can be 

concluded, that the main focus in the revision and 

further development of impactors and test 

procedures needs to be settled to the head, the 

thorax and the lower extremities.   

 

METHODOLOGY AND WORKFLOW

 

Recent accident data resulted in the h

thorax and the lower extremities being the mostly 

affected body regions in accidents with vul

road users being impacted by passenger cars

Therefore, the external road user

SENIORS is focusing on the improvement and 

development of impactors representing these body 

regions and the definition of test and assessment 

procedures with a special focus on the elderly. 

 

Head 

Previous studies revealed limitations of the ISO 3.5

kg and 4.5 kg child and adult headform impactors 

currently used within type approval procedures 

such as UN-R 127 (2013) as well as consumer test 

 

Percentages of injury severities for the 

body regions within GIDAS and 

STRADA. Each column adds up to 100 percent by 

adding all percentages from AIS0 to AIS9. (Wisch 

erman GIDAS and 

is showing the thorax 

igher percentage of 

ps of vulnerable road 

s, pedestrians and cyclists. Meanwhile, the 

importance of head and lower extremity injuries is 

remaining in most cases at the same level as 

severities of the 

elderly as vulnerable road users especially in the 

regions are higher than for the age 

64 years. It thus can be 

concluded, that the main focus in the revision and 

further development of impactors and test 

procedures needs to be settled to the head, the 

AND WORKFLOW  

Recent accident data resulted in the head, the 

and the lower extremities being the mostly 

s with vulnerable 

passenger cars. 

Therefore, the external road user branch of 

SENIORS is focusing on the improvement and 

development of impactors representing these body 

regions and the definition of test and assessment 

cial focus on the elderly.  

tions of the ISO 3.5 

ld and adult headform impactors 

currently used within type approval procedures 

R 127 (2013) as well as consumer test 

programmes like Euro NCAP (2016)

partly high impactor rotations during impacts on 

angled or curved vehicle surfaces

figure 5  lead to sometimes very unrealistic results 

in terms of linear accelerations and calc

values for the head injury criterion HIC.

 

 

Figure 5: Head impactor rotation during impact 

on vehicle front (Zander et al.,

 

Several proposals of a headform impactor

added neck mass have been developed within the 

EC-funded FP6 project APROSYS (A

Protection Systems), sometimes bringing the 

simulation results for both linear as

acceleration much closer to the outputs of the 

corresponding human body model, see 

in figure 6: 

 

 

Figure 6: Comparison of the 

human model head and different impactors in the

event of a crash with a roadster at 40 km/h

et al., 2009). 
 

To further follow one of the different approaches, a 

headform impactor with an attached HIII neck

possible realization in hardware

good correlation with the human model during 

roadster impact, was prototyped and tested

sedan vehicle, with significantly improved results 

in terms of kinematics, showing a moderate picture 

of deformation and reasonable loadings, 

comparable to those of the human model, 

figure 7:  
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like Euro NCAP (2016). In particular, 

partly high impactor rotations during impacts on 

angled or curved vehicle surfaces as depicted in 

d to sometimes very unrealistic results 

linear accelerations and calculated 

values for the head injury criterion HIC. 

 

Head impactor rotation during impact 

on vehicle front (Zander et al., 2016). 

a headform impactor with 

added neck mass have been developed within the 

funded FP6 project APROSYS (Advanced 

, sometimes bringing the 

simulation results for both linear as well as angular 

acceleration much closer to the outputs of the 

n body model, see an example 

 

the loadings of a 50th 

human model head and different impactors in the 

event of a crash with a roadster at 40 km/h (Brüll 

To further follow one of the different approaches, a 

headform impactor with an attached HIII neck as a 

possible realization in hardware, having a very 

good correlation with the human model during 

roadster impact, was prototyped and tested on a 

sedan vehicle, with significantly improved results 

showing a moderate picture 

of deformation and reasonable loadings, 

comparable to those of the human model, see  
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Figure 7: Impactor performance during bonnet 

impact (Brüll et al., 2009). 

 

For the prototype, a HIII neck with additional mass 

was attached to a 4.8 kg headform impactor 

developed by EEVC, that was also used during the 

first phase of Regulation (EC) No. 78/2009. The 

total mass of the head neck impactor (HNI) is 7.79 

kg, see figure 8:  

  

 
     

Figure 8: APROSYS head neck impactor HNI. 
 

Within SENIORS, the HNI was used as a basis for 

simulation to start with. Here, impactor simulations 

using the 3.5 kg and 4.5 kg ISO impactors were 

performed against three vehicle front shapes 

representing different vehicle categories (Sedan, 

SUV, Van/MPV) and the results compared to those 

obtained with a modified HNI, using the ISO 

impactors instead of the EEVC adult head, and full 

human body model simulations. During the  

impactor fine tuning, needed modifications to the 

impactors are aimed to be implemented. 

Correlation studies between human body model 

simulations and the finalized impactors will aim at 

delivering transfer functions that, in the end, can be 

used for modified impactor risks curves and limits. 

The results will be validated against human body 

model simulations to actual vehicle models. An 

overview of the workflow for developing the HNI 

is depicted in figure 9: 

 

 
 

Figure 9: Workflow for HNI modification. 

 

Thorax 

No impactor test procedures are currently in use 

that are related to the injury assessment of thoracic 

injuries of external road users. On the other hand, 

Fredriksson et al. (2007) concluded that side impact 

dummies with good measurement capabilities for 

the chest and abdomen area could be used for the 

evaluation of pedestrian impacts to the bonnet 

leading edge of cars with high front shapes such as 

SUVs, see figure 10. The assessment could be done 

using the injury criteria and risk curves for the side 

impact. 

 

 
 

Figure 10: Sled test setup with ES-2-dummy and 

vehicle buck (Fredriksson et al., 2007). 

 

Based on these findings, as a starting point in the 

SENIORS project, the torso of the ES-2 model as 

shown in figure 11 was uncoupled and isolated 

from the dummy in order to be used as an injury 

prediction tool during pedestrian component tests. 

 



 

Figure 11: Reduced ES-2 dummy model and 

nodes for rib intrusions, rib accelerations and 

lower spine accelerations. 

 

Within SENIORS, simulations with the uncoupled 

ES-2 torso, named thorax injury prediction tool 

(TIPT), were performed against the three vehicle 

front shapes already used during the development 

of the HNI and the results compared to full human 

body simulations using THUMS 

Model for Safety). In the next step, tool revision 

and fine tuning is done for improving the 

correlation between TIPT and THUMS kinematics 

and loadings. Aim is the development of transfer 

functions and injury criteria for the TIPT that will 

be validated by THUMS simulations against actual 

vehicle models in the last step. The general 

workflow for the development of the thorax injury 

prediction tool is illustrated in figure 

 

 

Figure 12: Workflow for TIPT development.
 

 

 

 

 

 

2 dummy model and 

intrusions, rib accelerations and 

mulations with the uncoupled 

torso, named thorax injury prediction tool 

(TIPT), were performed against the three vehicle 

front shapes already used during the development 

and the results compared to full human 

 (Total Human 

. In the next step, tool revision 

and fine tuning is done for improving the 

correlation between TIPT and THUMS kinematics 

evelopment of transfer 

functions and injury criteria for the TIPT that will 

be validated by THUMS simulations against actual 

vehicle models in the last step. The general 

workflow for the development of the thorax injury 

gure 12: 

 

Workflow for TIPT development. 

Lower extremities 

The third affected body region of vulnerable road 

users SENIORS is focusing on are the lower 

extremities. The flexible pedestrian legform 

impactor (FlexPLI) as the surrogate currently used 

within vehicle type approval procedures and 

consumer information programmes for assessing 

injuries to the lower extremities of 

shows limitations of its biofidel

the femur area. Therefore, based on human body 

model simulations, an upper body mass

representing the pedestrians’ torso was developed 

within the APROSYS project (Bovenkerk et al., 

2009). During testing, the FlexPLI with UBM

already showed improved kinematics during the 

impact on modern vehicle fronts. A study carried 

out by Zander et al. (2011) compared impact 

kinematics and loadings of the Baseline FlexPLI, 

the FlexPLI-UBM and the FlexPLI attached to a 

Hybrid-II 50
th

 male dummy

different actual vehicle frontends (Sedan, SUV, 

One Box) and found in most cases 

correlations of kinematics and loadings between the 

FlexPLI-UBM and the FlexPLI attached to the 

Hybrid-II dummy for all lower extremity regions

as demonstrated in figures 13

step towards the appropriate 

injuries was taken. 

 

 

Figure 13: Correlation of impact kinematics 

between FlexPLI, FlexPLI

HII (Zander et al., 2011). 
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The third affected body region of vulnerable road 

users SENIORS is focusing on are the lower 

The flexible pedestrian legform 

impactor (FlexPLI) as the surrogate currently used 

within vehicle type approval procedures and 

information programmes for assessing 

injuries to the lower extremities of pedestrians 

its biofidelity in particular for 

the femur area. Therefore, based on human body 

model simulations, an upper body mass (UBM) 

strians’ torso was developed 

within the APROSYS project (Bovenkerk et al., 

During testing, the FlexPLI with UBM 

improved kinematics during the 

impact on modern vehicle fronts. A study carried 

out by Zander et al. (2011) compared impact 

kinematics and loadings of the Baseline FlexPLI, 

UBM and the FlexPLI attached to a 

male dummy when tested against 

different actual vehicle frontends (Sedan, SUV, and 

in most cases good 

inematics and loadings between the 

UBM and the FlexPLI attached to the 

II dummy for all lower extremity regions, 

13 and 14. Thus, a first 

appropriate assessment of femur 

 

Correlation of impact kinematics 

, FlexPLI-UBM and FlexPLI-
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Figure 14: Correlation of loadings vs. time 

between FlexPLI, FlexPLI-UBM and FlexPLI-

HII (Zander et al., 2011). 

 

For the UBM prototype, a 0.25 kg aluminium upper 

plate, a 2.3 kg steel slide rail and a 4.1 kg 

aluminum mass were assembled in such a way, that 

the center of gravity of the prototype was 

adjustable in four different positions: 

 

 
 

Figure 15: Upper body mass for FlexPLI with 

four positions for the center of gravity (Bovenkerk 

et al., 2009). 

 

Simulations within SENIORS started with the 

FlexPLI-UBM developed in APROSYS against a 

generic test rig representing four different vehicle 

categories (Sedan, SUV, Sports Car and Van/MPV) 

and correlated the results against full human body 

model simulations with THUMS. A revision of the 

test method and fine tuning of the impactor is 

aimed at improving the correlations, establishing 

transfer functions and define modified injury 

criteria for the FlexPLI-UBM. In the next step the 

impactor will be validated against THUMS 

simulations vs. actual vehicle models. The principle 

of the development phases are outlined in figure 

16: 

 
 

Figure 16: Workflow for FlexPLI-UBM 

development. 

 

SIMULATION PROGRAMME 

 

In order to compare kinematics as well as loadings 

of the modified or new impactor models and 

establish correlations and transfer functions, an 

extensive simulation programme was carried out by 

the partners of SENIORS.  

 

Head neck impactor 

Human body model simulations using the 

MADYMO family (6YO, 5
th

 female, 50
th

 male, 95
th
 

male) were carried out at vehicle speeds of 40 km/h 

using the SAE Buck representing the vehicle 

categories Sedan, SUV and MPV as described by  

Pipkorn et al. (2012) and illustrated in figures 17 

and 18: 
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Figure 17: Shape and load paths of SAE Buck 

(Sedan) and its derivatives. 

 

 
 

Figure 18: Impact conditions for MADYMO 50
th

 

male pedestrian against SUV Buck. 

 

 
Simulations with the ISO child and adult headform 

impactors with and without added neck mass were 

also conducted against the rig. In the first loop of 

impactor simulations both, head and neck 

orientation as well as head impact angles were 

replicated according to the kinematics of 

MADYMO during the impact.  

 

In many cases, in particular for the larger statures 

and the MPV buck with shorter bonnet, the head 

impact occurred in the windscreen area, where due 

to the windscreen being replaced by alternative 

material, an assessment of the loading was not 

convenient. On the bonnet, peak resultant 

accelerations and HIC values of the headform 

predominantly did not improve when adding a neck 

mass. 

 

 
 

Figure 19: Comparison of 50
th

 male human body 

model simulations and impactor simulations 

(Loop 1, SUV, 40 km/h). 

 

The chosen vehicle front geometries with 

comparatively flat bonnets and without curvature 

can be seen as a possible reason. The HNI impactor 

is expected to illustrate its advantages in particular 

during angled impacts on rounded shapes where 

unrealistic impactor rotation results in values for 

accelerations and HIC not in line with the head 

loadings of a pedestrian. 

 

In the second loop, a rigid connection between 

head and neck mass was established, maintaining 

the neck always in identical position to the head 

while the head being orientated according to the 

MADYMO simulations. Here, impact angles and 

speeds were taken over from the established test 

procedures (50° for the child head and 65° for the 

adult head) while maintaining an impactor velocity 

of 40 km/h. The results showed no improvement in 

terms of resultant acceleration and HIC values, as 

shown for the SUV Buck: 
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Figure 20: Comparison of 50
th

 male human body 

model simulations and impactor simulations 

(Loop 2, SUV, 40 km/h). 
 

On the other hand, in that case the HIC value for 

the HNI can be neglected. Due to the neck mass 

producing a high peak acceleration after the impact, 

a different time frame for the HIC calculation led to 

the assessment of the second peak. However, the 

second loop simulations confirmed the conclusions 

from the first loop. The given test conditions 

cannot reveal the benefits of an additional mass 

being added to the headform impactors. 

Outstanding extended simulations and tests on 

actual vehicles as done within APROSYS should 

indicate the benefit that can be expected from this 

modification of the head component.  

 

Thorax injury prediction tool 
First input for correlation studies to be carried out 

were human body model simulations with THUMS 

against the SAE Buck (Sedan shape) and its 

derivatives SUV and MPV at vehicle speeds of 20 

km/h, 30 km/h, 40 km/h and 50 km/h. Subsequent  

simulations with TIPT used the thorax orientations 

and speeds of THUMS for each load case, see 

figure 21: 

 

 
Figure 21: Comparative simulations with 

THUMS and TIPT. 

 

This first loop of TIPT Baseline simulations 

showed the very low sensitivity of the ES-2 ribset 

during low speed tests, as exemplarily illustrated in 

figure 22 for the SUV representative. Simulations 

at higher impact speeds resulted in higher 

intrusions. 

 

 
 

Figure 22: Comparison of THUMS rib intrusion 

and TIPT rib displacement during tests against 

the SUV representative at 20 km/h (upper) and 50 

km/h (lower). 
 

During the second loop of TIPT simulations, all 

load cases were repeated with additional weights 

applied to the TIPT. For a representation of the 

weights of head and neck, an additional lower neck 

block with a mass of 5 kg was attached to the upper 

end of the tool. At the lower end, a 12 kg mass was 

attached to the sacrum top plate to represent the 

weight of the pelvis, see figure 23: 

 



 

Figure 23: Modified TIPT with added weights at 

the upper and lower end. 

 

Figure 24 compares the TIPT Baseline with the 

version with additional neck and pelvis weights and 

a TIPT with only the neck block attached. All 

variants showed some deviations in particular 

during impacts at higher speeds, with the highest 

influence of the combined attachment of head and 

pelvis weight. However, the sensitivity of the 

thorax during low speed impacts remained low.

 

Figure 24: Comparison of THUMS 6

intrusion and 6
th

 rib displacement for different 

versions of TIPT during tests against the SUV 

representative at 20 km/h (upper) and 50 km/h 

(lower). 

 

FlexPLI with upper body mass 

The starting point for the improvement of the upper 

body mass for FlexPLI and the development

test procedure were comparative simulations with 

THUMS and the FlexPLI-UBM from APROSYS

These were done against a generic test rig 

representing four different vehicle categories 

 

Modified TIPT with added weights at 

compares the TIPT Baseline with the 

version with additional neck and pelvis weights and 

a TIPT with only the neck block attached. All 

ome deviations in particular 

higher speeds, with the highest 

attachment of head and 

ever, the sensitivity of the ES-2 

thorax during low speed impacts remained low. 

 
Comparison of THUMS 6

th
 rib 

rib displacement for different 

versions of TIPT during tests against the SUV 

representative at 20 km/h (upper) and 50 km/h 

tarting point for the improvement of the upper 

body mass for FlexPLI and the development of a 

test procedure were comparative simulations with 

UBM from APROSYS. 

against a generic test rig 

representing four different vehicle categories 

(Sedan, SUV, Sports Car, Van/MPV), with three 

shapes per category, simu

lower end as well as an average representative.

shapes were derived from measurements of 160 

actual European vehicle frontends in order to cover 

a broad variety of load path combinations

 

 

Figure 25: Test rig for comparative 

FlexPLI-UBM simulations. 

 

Foam material used for the different load 

extruded polypropylene, with a density of 

the upper load path, 30 g/l for the mid load path 

and 65 g/l for the lower load path.

As per regulatory and consumer tests 4

chosen for the impact speed. I

impactor simulations different impact angles were 

examined (perpendicular and oblique), the 

subsequent investigations focused on the 

perpendicular impact only. Simulations revealed 

sometimes unintended interactions between the 

rigid mass and the vehicle front leading to 

unrealistic results, see figure 

 

Figure 26: Interaction between

and vehicle front at different points in time, 

example SUV. 

To avoid this interaction, in the 

simulation loop a protection kit was applied to the 

FlexPLI/UBM intersection (FlexPLI

Furthermore, the influence of impact height was 

investigated. Finally, a second version of the UBM 

was introduced, connecting the mass with a flexible 

rubber element to the impactor 

heights (FlexPLI-UBMflexible)
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(Sedan, SUV, Sports Car, Van/MPV), with three 

shapes per category, simulating the upper and 

as well as an average representative. The 

shapes were derived from measurements of 160 

vehicle frontends in order to cover 

load path combinations: 

 

Test rig for comparative THUMS and 

 

different load paths was 

, with a density of 65 g/l for 

g/l for the mid load path 

g/l for the lower load path. 

per regulatory and consumer tests 40 km/h were 

chosen for the impact speed. In the first loop of 

impactor simulations different impact angles were 

examined (perpendicular and oblique), the 

subsequent investigations focused on the 

ly. Simulations revealed 

sometimes unintended interactions between the 

rigid mass and the vehicle front leading to 

figure 26.  

 

Interaction between FlexPLI-UBM 

different points in time, 

To avoid this interaction, in the following 

simulation loop a protection kit was applied to the 

FlexPLI/UBM intersection (FlexPLI-UBMrigid, PK). 

Furthermore, the influence of impact height was 

second version of the UBM 

was introduced, connecting the mass with a flexible 

impactor at two different 

). A comparison of the 
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different FlexPLI-UBM versions is illustrated in 

figure 27: 

 

 
 

Figure 27: FlexPLI-UBMrigid, FlexPLI-

UBMrigid,PK, FlexPLI-UBMflexible. 

 

As reference, all simulations were also carried out 

with the Baseline FlexPLI. Altogether, 192 

simulations with the FlexPLI and its derivatives 

were performed against the generic test rig and 

compared to the results of simulations with 

THUMS. An overview of the different test setups is 

given in table 1: 

 

Table 1. Overview of simulation setups using the 

FlexPLI and different versions of the FlexPLI-

UBM. 

Setup Version Shapes Purpose 

1 FlexPLI-

UBMrigid 

12 Influence of CoG 

position and impact 

angle 

2 FlexPLI-

UBMflexible 

4 Influence of flexible 

connection 

Influence of rubber 

material variation 

Influence of rubber 

height variation 

3 FlexPLI-

UBMrigid, PK 

12 Effect of protection kit 

Influence of CoG 

position 

4 FlexPLI-

UBMrigid, PK 

12 Influence of impact 

height 

5 FlexPLI 12 Reference 

6 THUMS 12 Reference 

 

     Influence of CoG The rigid version of the 

FlexPLI-UBM was tested in four different locations 

regarding its center of gravity: center lower, center 

upper, offset lower, offset upper. Figure 28 gives 

an example of the influence of the CoG location, 

where a variation of its height is of a higher 

significance than the variation of the offset, latter 

one not influencing the shape of time history 

curves.  

 

 
Figure 28: Influence of CoG location of the rigid 

upper body mass, example femur-3 vs. MPV. 

 

     Influence of flexible mass A second version of 

the upper body mass, equipped with a flexible 

rubber made out of three different materials 

(WorldSID 50
th

 lumbar spine rubber, Q10 neck 

rubber, HIII 50
th

 lumbar spine rubber) was tested 

and the results compared to those obtained with the 

rigid UBM. As demonstrated in figure 29 for the 

baseline MPV representative, in most cases no 

elementary changes in time history curves were 

achieved by using the upper body mass with 

flexible element; its application as well as the use 

of the rigid mass contributed to a significantly 

enhanced time history curve. A next step, where the 

attachment of the flexible mass was shortened, did 

not result in further improvement of the quality of 

correlation.  

 

  
Figure 29: Comparison of FlexPLI Baseline, 

FlexPLI-UBM with rigid connection (center 

lower position) and FlexPLI-UBM with flexible 

connection (WS50th rubber) to human body 

model simulation, example femur-3 vs. MPV. 
 

     Influence of protection kit As already 

described, different vehicle designs may lead to an 

unintended interaction between the vehicle front 

and the connection between rigid upper body mass 

and FlexPLI, see figure 26. Therefore, to avoid this 

interaction, a protection kit was designed. As can 

be seen in figure 30, the protection kit contributes 

to avoiding this interaction and unrealistic peak 

results. 
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Figure 30: Comparison of FlexPLI-UBM with 

rigid connection (center lower position) and 

FlexPLI-UBM with rigid connection and 

protection kit, example femur-3 vs. MPV. 

 

It was therefore decided to carry on the study using 

the protection kit for the rigid upper body mass. 

 

     Influence of impact height An earlier study 

from Konosu et al. (2007) already showed the 

influence of impact height on the test results. Using 

the FlexPLI Baseline, it was found that an impact 

height for the FlexPLI lower edge of 75 mm above 

ground level would improve the degree of 

correlation with maximum output levels between 

FlexPLI and a human body model. Therefore, it 

was subsequently decided to use 75 mm impact 

height as standard setup when testing with the 

FlexPLI. 

To further investigate within this study a potential 

improvement of the quality of correlation between 

the FlexPLI-UBM and THUMS, the FlexPLI-UBM 

impact height above ground level was varied 

between 0 mm, 25 mm, 50 mm and 75 mm. It was 

found that for those areas close to the knee (femur-

1, tibia-1 and tibia-2) an impact height increased by 

25 mm could slightly contribute to the correlation 

of maximum output values, but however, along 

with an overall declination of biofidelity in the 

femur area. Therefore it was decided to keep the 

impact height with the lower end of the impactor at 

ground level.  

 

Figure 31 illustrates the kinematics of the FlexPLI-

UBM (rigid connection) with the FlexPLI Baseline 

and the lower extremities of THUMS during 

impact against the second SUV representative. 

 

 
 

Figure 31: Impact kinematics of FlexPLI-UBMCL, 

THUMS and FlexPLI Baseline during impact 

against SUV-1. 
 

The very good correlation between the FlexPLI-

UBMCL and the lower extremities of THUMS 

during the impact phase against the SUV-1 are 

confirmed by the corresponding time history 

curves, see figure 32. While the FlexPLI Baseline 

is starting its rebound at a point in time 

significantly before the zero crossing of the femur 

segments, the duration of impact of the impactor 

with applied UBM is much more humanlike, both 

ending the impact phase of the femur area at 

approximately 70 ms after t0. The shape of time 

history curve does not correlate that well for the 

tibia, however the timing of the impact is more 

comparable between FlexPLI-UBM and THUMS. 

For MCL, timing and extent of the plots of 

FlexPLI-UBM are again close to THUMS. 
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Figure 32: Time history curves of FlexPLI-

UBMCL, THUMS and FlexPLI Baseline during 

impact against SUV-1. 
 

Altogether, during simulations with the FlexPLI 

Baseline and the FlexPLI with different versions of 

an upper body mass it could be seen that in most 

cases a mass representing the torso significantly 

contributes to an improved kinematics and 

improved time history curves, where the highest 

influence was observed due to application of the 

mass itself. A variation of attachment method (rigid 

or flexible), location of the center of gravity or the 

type of rubber material for the flexible element 

showed having a small but not significant influence 

and could therefore be reconsidered for final 

revision of the impactor. For the rigid connection, a 

protection kit should be used to avoid unintended 

interaction. The impact height should remain at 

ground level, since - different to the FlexPLI 

Baseline - the pedestrian torso is now represented 

by the applied mass. 

 

 

 

 

 

CORRELATION STUDIES 

 

Thorax injury prediction tool 
First evaluation of the THUMS and TIPT time 

history curves of rib intrusion and rib displacement 

already revealed the low sensitivity of the ES-2 

thorax under low impact speeds for all three ribs. 

This observation is underlined when looking at the 

rib wise maximum TIPT displacement vs. the 

maximum THUMS rib intrusion. Best correlation 

over all impact speeds and vehicle shapes was 

found for the 4
th

 rib. On the other hand, when 

focusing on impact speeds of 40 km/h and 50 km/h 

only, but including the maximum rib displacement 

over all ribs as injury assessment criterion, the 

coefficient of determination could be improved 

accordingly: 

 

 
 

Figure 33: Correlation of THUMS maximum rib 

intrusion vs. TIPT maximum rib displacement at 

higher impact speeds. 
 

A modification of the TIPT by adding a weight to 

the neck or to the neck and the pelvis likewise did 

not improve the overall results in terms of 

correlations, but could significantly improve 

correlations for the 4
th

 rib (TIPT version with 

additional neck and pelvis load), as depicted in 

figure 34. 
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Figure 34: Correlation of THUMS 4th rib 

intrusion vs. TIPT 4
th

 rib displacement at higher 

impact speeds. 

 

One reason for the comparatively unsatisfactory 

correlation of maximum output values is expected 

to be the impact condition of TIPT. At initial 

position TIPT is recommended to be kept in a yz 

plane parallel to the xz plane of the impacted 

vehicle, being the direction in which rib 

displacement is measured with the ES-2 dummy. 

Future simulations will therefore focus on the 

respective alignment of TIPT when being fired. 

 

FlexPLI with upper body mass 

Extensive studies of FlexPLI correlations with  

THUMS lower extremities showed best results for 

the FlexPLI with rigid upper body mass and 

protection kit, at center lower position of the UBM 

center of gravity, and at an impact height at ground 

level. The degree of correlation over all vehicle 

shapes for the femur-1 area is given in figure 35: 

 

 
 

Figure 35: Correlation of FlexPLI, FlexPLI-

UBMrigid, PK with THUMS lower extremities at 

segment femur-1, all vehicle shapes. 

 

While the influence of CoG location on the 

correlation is very low, the best correlation in that 

area is obviously achieved by the FlexPLI Baseline, 

which is considered not being biofidelic in that 

area, as also proved by time history curves. 

Looking at the peak values it seems to clarify this 

phenomenon: while the FlexPLI Baseline with 

basically lower results than the FlexPLI-UBM can 

show a broad range of output values, the FlexPLI-

UBM is in many cases protected by the bone 

overload wiring, not allowing the impactor to go 

into more bending. Thus, as in the example from 

figure 35, the range of bending moment for 

THUMS is about 300 Nm while the values of the 

FlexPLI-UBM move between 190 and 370 Nm 

only. It can be concluded that the FlexPLI-UBM 

which per definition is starting at higher values 

than the FlexPLI having a much lower sensitivity in 

the femur area due to its overload protection 

devices. 

 

For the tibia area, this trend cannot be confirmed. 

While bending moments of THUMS have a range 

of approx. 80 Nm in the case of tibia-2, the range 

for FlexPLI Baseline as well as FlexPLI-UBM 

contains 160 Nm: 

 

  

Figure 36: Correlation of FlexPLI, FlexPLI-

UBMrigid, PK with THUMS lower extremities at 

segment tibia-2, all vehicle shapes. 

 
It can be concluded that the FlexPLI-UBM 

sensitivity in the tibia area is in the range of the 

sensitivity of FlexPLI Baseline. 
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DISCUSSION 

 

Recent vulnerable road user accident data reveals 

the need for revision of current pedestrian test tools 

and test as well as assessment procedures. Besides 

the head and lower extremities, the thorax is now in 

the focus of research for both, pedestrians as well 

as cyclists regarding all age groups. SENIORS is 

examining the revision and further development of 

surrogates representing the head and the lower 

extremities of vulnerable road users. Besides, the 

development of an injury prediction tool for the 

thorax is initiated. First simulation results indicate 

the head neck impactor whose development was 

started during the FP6 project APROSYS possibly 

not being the appropriate mean for improving 

impactor kinematics for a broader variety of 

vehicles. The adaptation of the impactor taking into 

account different front shapes remains an item for 

future investigations. Results from simulations with 

the TIPT indicate the applicability in particular 

during impacts at higher speeds. However, the 

sensitivity of the ES-2 thorax at lower impact 

speeds does not lead to the conclusion of this new 

tool being convenient for low speed conditions. 

Since test speed is expected to be in line with 

remaining regulatory VRU testing, the TIPT impact 

speed is aimed to reflect a vehicle speed of           

40 km/h. The FlexPLI with applied upper body 

mass shows significant improvements regarding 

kinematics, shape of time history curves and 

loadings in comparison to the FlexPLI Baseline. On 

the other hand, sensitivity of the femur area needs 

to be improved.  

 

CONCLUSIONS 

 

Taking into consideration recent in-depth accident 

data of pedestrians and cyclists of all age groups 

during collisions with passenger cars, new and 

improved test tools and procedures are being 

developed within the SENIORS project. 

Simulations with the head neck impactor already 

showed at an early stage of the programme that the 

development derived from the APROSYS project is 

not yet ready for implementation within consumer 

or regulatory testing. Further research is needed in 

that field, demonstrating the benefit of an 

additional neck mass limiting the impactor rotation 

during the impact within a more realistic range. On 

the other hand, first promising simulation results 

with TIPT have indicated the ES-2 torso being 

applicable for assessing rib injuries to vulnerable 

road users at speeds representing consumer or 

regulatory vehicle speeds of 40 km/h and 35 km/h 

respectively. Additional simulations will be carried 

out, further investigating specific items such as the 

TIPT rotation around its vertical axis prior to 

impact. Prototyping of a first impactor is planned 

during a subsequent research project.  The FlexPLI-

UBM shows a much better correlation with human 

body model simulations regarding kinematics, 

shape of the traces and loadings as the FlexPLI 

Baseline impactor. During further research, the 

sensitivity of the femur is needed to be improved, 

before prototyping of the impactor starts and the 

achieved results will be validated under application 

of a new test and assessment procedure.  
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ABSTRACT 

 

Current accident statistics evaluate that multi-collision crash events represent 25~30% of all crashes. A post-

crash feature introduced a few years ago attempts to mitigate the impact severity and quantity of these 

secondary impacts. 

The feature has several names: Post-crash braking (PCB), Multi-collision Braking (MCB) or Secondary 

Collision Mitigation Braking (SCM or SCMB). 

SCMB uses the crash sensing systems and the brake systems. After a significant crash event , the vehicle will 

attempt braking in order to reduce the residual velocity with the goal to reduce, even possibly avoid, 

subsequent collisions. 

The first objective is to confirm the safety field problem of multi-collision events and further evaluate their 

devastating effects in terms of fatalities and injuries.  

The second objective is to evaluate the increase in fatality and injury risks from single to multiple collision 

events. A theoretical potential safety benefit is evaluated, considering an SCMB feature with the capability 

to avoid all secondary collisions in multi-collision events. 

Finally, in the third and deepest analysis, 3 realistic levels of braking decelerations are considered for SCMB. 

The risks levels for other major post-collision risks were quantified. The potential safety benefits of SCMB 

with the braking decelerations are evaluated for the avoidance of these 3 post-collision risks: subsequent 

collisions, VRU impacts, and rollovers. 

Disambiguation: in this paper, “secondary collision” does not mean another accident which occurs as a result 

of congestion caused by a primary accident. “Secondary collisions” are defined as the subsequent collisions 

(impacts), after the first impact of a vehicle involved in an accidental event containing a chain of impacts. 
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SECONDARY COLLISION FIELD ISSUE 
 

 

Method to quantify the field issue 

 

The field issue consists mainly of the observation of 

the passenger cars’ accident field. The overall 

accidents’ field is analyzed for its quantities of 

vehicles and their related quantities of Injuries 

slight, severe and fatal. The next step repeats this 

quantification on a filtered down vehicle set with the 

specific event of “multi-collisions”. 

 

 

Secondary collision field quantification 
The complete GIDAS database between (~2005 & 

~2012) is used. The database is filtered for 

passenger vehicles involved in an accident. After 

removing cases without enough reconstruction 

information, like DeltaVs, the vehicle set includes 

24333 cars. The resultant set is then filtered once 

more to identify the vehicles involved in more than 

1 collision. This smaller set has 5224 vehicles.  

At this very high level, it shows that ~21.5% of the 

passenger vehicle accidents are in fact multi-

collisions. 

By processing further each set, it is possible to 

quantify the number of slight injuries, severe 

injuries or fatalities in this multi-collision set. The 

results are in this Table 1. 

 

Table 1: Injuries and fatalities caused 

specifically by subsequent events and their % 

in relation to all multi-collisions events. 
 

  

GIDAS 

Accident 

set 

All 

single 

coll. 

All 

Multi-

coll. 

Multi-

coll. in 

% of 

field 

Veh. 24333 19109 5224 21.5% 

No Inj. 20245 17785 2460 12.2% 

Slight 11186 7374 3812 34.1% 

Severe 3080 1621 1459 47.4% 

Fatal 313 147 166 53.0% 

 

As a group, the multi-collision group present 21.5% 

of the passenger vehicles accidents, yet include 53% 

of the fatalities. Therefore a safety feature designed 

to address secondary collisions could address a 

portion of these fatalities, providing valuable safety 

benefits. 

SECONDARY COLLISION FIELD 

POTENTIAL IN TERMS OF FATALITIES 

AND INJURIES 

 

The “field issue” described above is the observation 

and quantification of injuries and fatalities related to 

multi-collisions. Whereas the “field potential” looks 

at the reality behind addressing this issue.  

 

Not all injuries and fatalities in the multi-collision 

field can be addressed. A theoretical SCMB feature 

removing all multi-collisions would bring down the 

risk levels from that of multi-collisions events down 

to single-collision events. The risks of single 

collisions are not null, therefore the field potential is 

lower than the total field issue. 

 

The maximum potential safety benefit for SCMB is 

evaluated by first identifying the risk differential 

then by calculating the reduction of injuries and 

fatalities if all secondary collisions were avoided. 

 

This quantification still results in an unattainable 

field potential since a theoretical feature would 

avoid and remove all secondary collisions, which is 

not realistic. The realistic evaluation of an SCMB 

feature’s performance is conducted in the last 

paragraph of this paper. 

 

 

Method to quantify the field potential 

 

Sorting out events and defining severity levels 

GIDAS Database (~2005-2012) includes sufficient 

accident reconstructions details to enable the 

analysis of multi-collision events. All multiple 

collision events were sorted out and analyzed. For 

each impact, the severity is defined by the DeltaV, 

the relative loss of velocity of the impact. In the 

chain of impacts, the 2 most significant impacts and 

their respective severity are identified and classified. 

 

As a baseline for the risk differential, single impact 

events are processed with the same severity 

classification. 

 

A proposed SCMB feature triggers the braking only 

after the deployment of a non-reversible restraint 

system (ie. Pretensioners or Airbags). 

 

Therefore, a collision is considered relevant as an 

SCMB trigger only if its DeltaV is high enough to 

deploy some restraint system. Let’s define the 1st 

Relevant Impact as “RI1”. RI1 is the first impact in 

the crash sequence with a DeltaV above deployment 

threshold. In this paper, we assume it is at 18km/h. 

Below this severity threshold, the feature would not 

be triggered therefore no safety benefit could occur. 
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The 2nd relevant impact “RI2” is considered to be 

the highest severity event following the first relevant 

impact RI1 defined above.  

 

For example, an accident with 6 impacts with this 

DeltaV sequence: DV1=5km/h, DV2=14km/h, 

DV3=22km/h, DV4=17km/h, DV5=35km/h, 

DV6=5km/h 

 

“RI1”= first impact with DeltaV above 18km/h is 

DV3=22km/h 

 

“RI2”= highest severity impact after RI1 is 

DV5=35km/h 

 

 

Rationale of sequence characterization 

The rationale for this crash sequence 

characterization is that, in GIDAS, the longest 

sequence of crashes was up to 9 impacts. There are 

many impacts with more than 2 or 3 impacts. 

Therefore, it is imperative to bucket the sequences 

in order to quantify average risk levels afterward. 

 

RI1 is defined as the “first impact with DeltaV above 

18km/h”. There are 2 reasons for this choice. The 

first reason is that the SCMB feature is only active 

beyond this level. The second reason is that below 

this level, most vehicles would provide sufficient 

protection without the non-reversible restraint 

system. Generally, it is expected that most vehicles 

are designed to deploy restraint systems when the 

injury risks become significant. 

 

The 2nd relevant impact RI2 is defined as the 

“highest severity impact afterward”. The main 

reason to reduce to rest of the sequence to the highest 

severity event is that it is precisely that event which 

would be the most injurious to the occupants being 

in this “already-crashed vehicle”. The most severe 

injuries resulting from the rest of the sequence will 

be determined by this highest severity event.  

 

 

Risk categories 

The risk level for a given impact falls into 3 

categories: low, medium and high. These are related 

to the 3 different ranges of vehicle performance: 

 

Low risk: below the deployment threshold. 

 

Medium risk: impact severity within the typical 

restraint system’s design range for safety 

performance. 

 

High risk: impact severity beyond the typical 

restraint system design range for safety 

performance. 

The 2 separation levels (Low/Medium and 

Medium/High) need to be defined. The 1st level is 

already set at 18km/h. The 2nd level is set at the 

impact severity on the high-end of the 

vehicle/restraint system design range. This severity 

level is driven in Europe and the North America by 

the NCAPs: 56km/h-100% and 64km/h-40% offset. 

The DeltaV for the 2nd level separation between 

medium and high risk is set at 56km/h of DeltaV. 

Beyond this DeltaV velocity, it is considered that the 

impact severity will overwhelm the vehicle 

structure+restraint system, thereby generating 

relatively elevated occupant injury risk levels. 

 

Cases with unknown DeltaV are excluded. If RI1 is 

the last impact in the sequence, it is excluded from 

the safety benefit evaluation. 

 

 

Bucketing events with similar risk levels and 

determining risk levels for multi-collision 

events 

All multi-collision events are now characterized by 

2 most significant events RI1 and RI2, and their 

respective DeltaV. In a 2 dimensional space, with 

the axis RI1 DeltaV and RI2 DeltaV, each multi-

collision event can be represented by a dot with the 

coordinates (RI1 deltaV, RI2 DeltaV). See Figure 

#1. 

 

Figure 1. Multi-collision events distribution by 

(RI1, RI2) in 2-dimensional space of DeltaVs.  

As expected, this Ant-hill plot has a distinctive 

shape. The distribution density is highest in the top 

left corner, fading to a low density going towards 

high RI1 and/or RI2. 

 

RI1 and RI2 DeltaVs are each sorted in the 3 

categories of risk (low, medium, high). However, 

because of RI1’s definition, there are no RI1 with 

low risk. A safety benefit for the SCMB feature is 

present only for the crashes represented in this plot. 

 

Each SCMB relevant event belongs into one of the 

6 buckets represented on the plot in Figure 1. 

Medium                     High 

Low 

Med. 

High 
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Multi-collision field  

The multi-collision field is complex. There is a 

substantial number of multi-collision which can 

never be addressed by an SCMB feature. There are 

multi-collision which have all collisions in the low-

risk category (RI1 and RI2 <18km/h). There are also 

multi-collisions in which the last impact in the 

sequence is the most relevant impact (RI1>18km.h, 

no RI2 event). These 2 instances need to be 

separated from the SCMB relevant vehicle set.  

 

 

Table 2: Multi-collision field categories 

  
All 

Multi-

coll. 

Multi-collisions breakdown 

Multi-
coll. with 

ALL 

DVs <18 
km/h 

Multi-coll. 
with RI1> 

18km/h but 

no RI2 

SCMB 
relevant: 

multi-coll. 

with 
RI1>18km/h 

with RI2 

Veh. 5224 2002 586 2636 

No Inj. 2460 1314 183 963 

Slight 3812 1397 425 1990 

Severe 1459 293 243 923 

Fatal 166 14 27 125 

 

 

Bucketing single-collision events for baseline 

risk levels 
In order to be able to quantify the risk differential, 

single collision events need to be bucketed in the 

same fashion as RI1. Indeed, the SCMB theoretical 

feature would remove the secondary collisions 

altogether, stopping the crash sequence at RI1. 

 

The GIDAS database is processed for passenger car 

events containing only single crashes. These events 

are characterized by their sole impact’s DeltaV. The 

DeltaV is compared to the same 2 thresholds as 

above. 

 

The first threshold is set at the same 18km/h for the 

low/medium risk separation. 

The second threshold is set at the same 56km/h for 

the medium/high-risk separation. 

 

As mentioned previously, cases with unknown 

DeltaV are excluded. 

 

The multi-collision cases in which RI1>18km/h but 

no RI2 impacts (only the last crash is above the 

threshold) share a similarity with single collision 

events: There is only 1 relevant impact driving the 

risk of injuries and fatalities. Going forward these 

multi-collisions are considered inside the baseline 

set of vehicles. They will participate in the 

calculation of baseline risks below. 

 

Baseline collision set = Single collisions + Multi-

collisions without RI2.

Baseline collisions and Multi-collisions risk 

levels 
 

The number of cars in each bucket is determined for 

both groups (baseline and multi-collisions). The 

respective numbers of slight injuries, severe injuries 

and fatalities are extracted from GIDAS. The risk 

level for the each injury severity and fatality is 

calculated as their ratio to the number of cars in the 

respective bucket. The risk levels are considered to 

be constant within each bucket. 

 

 

 

Table 3: Baseline collisions risk levels. 

 
  Medium Risk High Risk 

Vehicles 5369 Risk% 333 Risk% 

Slight 4129 76.9% 123 36.9% 

Severe 1381 25.7% 245 73.6% 

Fatal 64 1.2% 98 29.4% 

 

 

 

Table 4: SCMB Multi-Collisions risk levels.  

 

Risk 

Levels 

RI1 

  Medium Risk High Risk 

R
I2

 

L
o

w
 R

is
k
 Vehicles 1870 Risk% 66 Risk% 

Slight 1473 79% 20 30% 

Severe 558 30% 47 71% 

Fatal 39 2% 17 26% 

M
ed

iu
m

 R
is

k
 

Vehicles 645 Risk% 31 Risk% 

Slight 479 74% 10 32% 

Severe 291 45% 17 54% 

Fatal 51 8% 10 32% 

H
ig

h
 R

is
k
 Vehicles 22 Risk% 2 Risk% 

Slight 7 32% 1 50% 

Severe 9 41% 1 50% 

Fatal 8 36% 0 0% 

 

 

Analysis of the risk differential between 

baseline collisions and multi-collisions 
 

In Table 5, the increase in risk levels of severe 

injuries is compared between the baseline and multi-

collisions sets, for RI1 medium and high risk. 
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Table 5: Comparison of severe injury risks 

levels increase from baseline to multi-collision 

 

Risk 

Levels 

RI1 

  Medium Risk High Risk 

Single 

Collisions 

Veh. 5369 Risk% 333 Risk% 

Severe 1381 26% 245 74% 

R
I2

 

Low 

Risk 

Veh. 1870 Risk% 66 Risk% 

Severe 558 30% 47 71% 

Med 

Risk 

Veh. 645 Risk% 31 Risk% 

Severe 291 45% 17 55% 

High 

Risk 

Veh. 22 Risk% 2 Risk% 

Severe 9 41% 1 50% 

 

First observation for bucket RI1=medium / RI2 low: 

This is the largest bucket in multi-collision events. 

Even if the secondary impacts are below the restraint 

deployment threshold, the risk of severe injuries 

increases from 26% up to 30%  

 

Second observation for bucket RI1 and RI2 medium: 

This bucket is the second largest. The risk of severe 

injuries increases from 26% to 45%, a factor of 

*1.73. 

 

 

In Table 6, the increase in risk levels of fatality is 

compared between baseline and multi-collisions 

sets. 

 

 

Table 6: Comparison of fatality risks levels 

increase from single to multi-collision 

 

Risk Levels 

Of Fatalities 

RI1 

Medium Risk High Risk 

Single 

Collisions 

Veh. 5369 Risk% 333 Risk% 

Fatal. 64 1.2% 98 29.4% 

R
I2

 

Low 

Risk 

Veh. 1870 Risk% 66 Risk% 

Fatal. 39 2.1% 17 25.8% 

Med. 

Risk 

Veh. 645 Risk% 31 Risk% 

Fatal. 51 7.9% 10 32.3% 

High 

Risk 

Veh. 22 Risk% 2 Risk% 

Fatal. 8 36.4% 0 0.0% 

 

 

First observation, when RI1 is medium risk and RI2 

low risk, again the largest bucket in multi-collision 

events: Even if the secondary impacts are below the 

restraint deployment threshold, the risk of fatality 

increases from 1.2 to 2.1, a factor of *1.75. 

 

Second observation, when both RI1 and RI2 are 

medium risk: The risk of fatality increases from 1.2 

to 7.9%, a factor of *6. 

 

These increases of injuries and fatality risk levels are 

very significant and quantify the devastating effects 

of multi-collisions.

Safety potential of Secondary collision 

avoidance 
The paragraphs above quantifies precisely the 

number of injuries and fatalities in each bucket and 

assess the increase in risk levels from baseline to 

multi-collision. However, this does not yet provide 

an outlook on the potential for an SCMB feature. 

 

 

Method to quantify the safety potential 

This is an occurrence avoidance calculation. The 

potential safety benefit of this real SCMB feature is 

evaluated by removing the relevant secondary 

collisions from the field. The quantification is done 

by changing the risk levels of the 6 buckets of 

interests, from their original levels with secondary 

impacts, to the levels of the respective single 

collision. 

 

For example, in Table 6, for the 3 buckets with RI1 

medium risk, the fatality risks are changed to the 

baseline collision fatality risk with same RI1 

(1.19%). See Table 7 for the calculations. 

 

 

Table 7. SMCB Fatalities saved calculation 

 

Fatalities saved 
RI1 

medium high 

SCMB relevant vehicles 

RI2 low + medium + high 
2537 99 

New risk% 

single collision same RI1 
1.19% 29.4% 

Predicted fatalities 

(SCMB veh*new risk%) 
30.2 29.1 

SMCB relevant fatalities 98 27 

Fatalities saved (old-new) 67.8 -2.1 

Total lives saved 66 

 

It is worth noting that with RI1 high, the risk of 

fatalities is very high in all cases, single and multi-

collisions. The risk trends going from RI1 single 

collision to RI2 low to RI2 medium shows a 

relatively stable fatality risk level (29%, 26%, 32%). 

The buckets are comparatively small to RI1 

medium. The bucket RI1 high/RI2 low has a slightly 

lower fatality risk%, creating the situation that the 

impact on fatalities is negative. 

 

For RI1 high and RI2 high, the bucket has only 2 

vehicles, making risk% meaningless. 

 

Similar calculations are conducted for the other 

injuries levels, sight and severe. These numbers 

constitute the SCMB’s safety potential for a feature 

capable of avoiding all secondary collisions. The 

numbers of injuries and fatalities are put into 

perspective relative to the overall field, in % of 
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injuries and lives saved. The complete outcome is in 

Table 8. 

 

Table 8. SMCB safety benefit in terms of % 

injuries and fatalities. 
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Nbr cases 24333     

Slight Injuries 11186 2 0.0% 

Severe Injuries 3080 198 6.4% 

Fatalities 313 66 21.1% 

 

 

 

Summary of results for the Multi-collision 

Field and SCMB Safety Potential 

 

In this GIDAS analysis, Multi-collision events 

represent 21.5%% of all accidental events. They 

contain 53% of the fatalities. (see Table 1.) 

 

About 40% of the overall field fatalities and 30% of 

severe injuries are in multi-collisions relevant for an 

SMCB feature. (See Table 9.) 

 

However because eliminating secondary can not 

address the injuries occurring in the first relevant 

crashes, some risks will remain. After evaluation of 

this differential risk, the SCMB Safety Potential 

appears to be ~21.1% of the overall field fatalities. 

(See Table 8.) 

 

 

Table 9. Percentage of Multi-collisions and 

SMCB relevant accidents in the field. 
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Nbr cases 24333 20221 2636 11% 

Slight Inj. 11186 8136 1990 18% 

Severe Inj. 3080 1952 923 30% 

Fatal. 313 181 125 40% 

SECONDARY COLLISION MITIGATION 

FEATURE SAFETY EVALUATION 
 

This deeper analysis looks at other types of multi-

collision risk such as rollovers, subsequent VRUs 

(Vulnerable Road Users) impacts and post-crash 

fires. Because successful avoidance is dependent on 

the braking performance, deceleration levels were 

factored in, for a more realistic safety benefit 

evaluation. 

 

A dataset of all multi-collision events was created 

with all relevant details pertaining to each impact 

including VRU impacts and rollovers. Similarly to 

the impact filtering and sorting described above, the 

first significant impact RI1 is identified by its 

severity and its potential to deploy the restraint 

system. The second most significant impact RI2 and 

its distance to RI1 are determined. Using the first 

significant crash’s residual velocity and the distance 

RI1-RI2, the necessary deceleration to reach a stop 

is calculated. This deceleration is the target to 

achieve avoidance. The comparison of deceleration 

with the SCMB braking performance enables the 

quantification of avoidance of subsequent collisions, 

VRU impact or rollover for the 3 braking levels. 

 

 

SCMB Feature Description with realistic 

performance 

Until this point in the analysis, the feature was 

theoretical, perfectly avoiding all secondary 

collisions. In reality, the feature’s success will 

depend nearly exclusively on the post-crash braking 

performance and the distance between RI1 and RI2. 

Therefore, the feature is now defined as triggering 

the brakes immediately after the RI1 with one of 3 

levels of braking deceleration: 0.3 G’s, 0.6 G’s & 1.0 

G’s. These 3 are chosen to cover a broad range of 

braking performance with 0.3 G’s a moderate 

braking, 0.6 G’s a strong braking achievable in most 

normal road conditions and 1.0 G’s being the 

maximum achievable in perfect braking conditions.  

 

 

Post collision risks 

It is valuable to consider other risks resulting from 

multi-collisions: For instance, Roll-over, pedestrian 

and fire risks. 

Roll-overs do happen significantly in multi-

collisions. It is worthwhile to investigate if an 

SCMB feature would reduce the instances of 

secondary Roll-overs. Another interesting 

consequence to consider would be Pedestrian 

impacts resulting from multi-collision. There is 

indeed a portion of pedestrian impacts which are not 

the typical single car-to-pedestrian impacts. In the 

following analysis, all VRUs are considered. 
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Another interesting analysis would consider the risk 

of subsequent fire. This is documented in GIDAS. 

After an initial look, the number of instances appears 

too low to make a meaningful analysis. Therefore, 

this risk is not included in the analysis 

 

 

Assumptions 

 

Assumption #1: The car can still brake: RI1 is the 

first significant impact with a restraints deployment. 

The vehicle would have significant damage on 1 

side of it. The modern ABS/ESP braking systems are 

able to control braking independently at each wheel. 

Even with one or more wheel damaged, the braking 

system will attempt to brake and keep the vehicle in 

a stable condition. 

 

Assumption #2: The crash sequence remains the 

same, despite a different Ego-vehicle behavior: The 

Ego-vehicle brakes. It is considered nonetheless that 

other impacts due to unintended consequences of 

this braking would be negligible. Indeed, it is 

theoretically possible, but highly unlikely, that 

another vehicle was crossing the ego vehicle’s path 

between RI1 and RI2. 

 

Assumption #3: It is also considered that the 

traveling path would remain the same, even if RI2 is 

not the next impact following RI1.  

 

 

Method to quantify the feature’s performance 

 

In this analysis, only successful avoidance is 

considered. This is defined here as reaching a stop 

before reaching the RI2 event. Mathematically the 

avoidance is achieved if the SMCB’s prescribed 

braking deceleration is greater than the necessary 

deceleration to reduce the RI1 exit velocity to zero 

over the distance RI1-RI2. This GIDAS dataset 

(~2005-2014) contains 6283 vehicles having 

altogether 15.346 impacts in total. All multi-

collision events are extracted with the relevant 

details, such as the 15346 crash types, DeltaVs, 

exiting velocity & distance between impacts to name 

a few. 

 

The avoidance prediction is straightforward: The 

target deceleration to achieve avoidance is 

calculated using 2 variables: the exit velocity after 

RI1 and the distance RI1-RI2. The GIDAS 

reconstruction provides these 2 variables. In the case 

of multiple events between RI1 and RI2, the 

distances between all the impacts are added to 

evaluate the total RI1-RI2 traveled distance. 

Even though GIDAS crashes are very detailed and 

well reconstructed, in some instances the 

reconstruction dataset is incomplete and does not 

allow to complete the calculation due to missing 

distances or velocities. These case are excluded 

from the resulting performance evaluation. 

 

 

Results: Safety Performance of feature 

Table 11 gives the breakdown of SCMB 

performance according to the RI1’s direction of 

impact. 

 

 

Table 11: Results breakdown for SMCB 

feature’s avoidance performance 

 
Subsequent 

events 

Secondary 

Collision 
Rollover VRU 

RI1 is FRONT 

IMPACT 
348 459 97 

Avoidance with 

0.3G braking 
24 7% 42 9% 20 21% 

Avoidance with 

0.6G braking 
98 28% 137 30% 27 28% 

Avoidance with 

1.0G braking 
161 46% 277 60% 39 40% 

RI1 is RIGHT 

SIDE IMPACT 
108 184 19 

Avoidance with 

0.3G braking 
5 5% 9 5% 4 21% 

Avoidance with 

0.6G braking 
25 23% 49 27% 5 26% 

Avoidance with 

1.0G braking 
55 51% 121 66% 9 47% 

RI1 is LEFT 

SIDE IMPACT 
147 185 31 

Avoidance with 

0.3G braking 
13 9% 13 7% 2 6% 

Avoidance with 

0.6G braking 
41 28% 60 32% 6 19% 

Avoidance with 

1.0G braking 
83 56% 115 62% 11 35% 

RI1 is REAR 

IMPACT 
158 63 49 

Avoidance with 

0.3G braking 
19 12% 5 8% 17 35% 

Avoidance with 

0.6G braking 
46 29% 20 32% 26 53% 

Avoidance with 

1.0G braking 
78 49% 36 57% 32 65% 

 

 

It is interesting to note that the 3 subsequent risks 

(secondary collision, Roll-over or VRU impact) are 

not mutually exclusive. It is actually possible to have 

all 3 in a complex crash sequence. The SCMB may 

be successful in avoiding a combination of the 3. In 

Table 12, the combined results are given, because 

avoidance of these secondary events is additive in 

such an event 
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Table 12: Avoidance performance results 

summary for the SMCB feature 
 

Subsequent collisions with 

Secondary 

collisions, 

Rollover, 
or VRU 

RI1 is FRONT, SIDE or REAR IMPACT 1848 

Avoidance with 0.3G braking 173 9% 

Avoidance with 0.6G braking 540 29% 

Avoidance with 1.0G braking 1017 55% 

 

 

Discussion on SCMB’s avoidance performance 

 

The intuitive performance trend is confirmed: the 

higher the braking performance, the higher the 

percentage of subsequent collision avoidance. 

 

For 0.3G braking, avoidance is in the ~10% range. 

For 0.6G braking, avoidance is in the ~30% range. 

For 1.0G braking, avoidance is in the ~55% range. 

 

Altogether showing a linear trend with ~6.6% 

additional avoidance for every increase in 0.1 G’s 

braking. 

 

RI1’s direction of impact has a relatively minor 

influence on the performance outcome. The 

feature’s performance remains significant for all 

RI1 types of impact. This indicates that, by 

design, an SCMB feature should trigger in all 

types of RI1 impacts. 

 

 

Discussion on SCMB’s Safety performance 

 

In the previous section, the theoretical maximum 

performance for perfect avoidance all subsequent 

collision was evaluated at 21% of fatalities based 

on a risk differential calculation. 

 

With this number and the avoidance numbers 

above, the following can be inferred: 

For 0.6G braking with an avoidance capability of 

about 30%, the fatality reduction may amount to 

6.3% of all field fatalities. A deeper analysis 

combining the avoidance calculation with the 

actual injuries is necessary to confirm this 

estimation. 

 

It is likely that the maximum performance is 

limited by some relatively small distances 

between RI1 and RI2. Nonetheless, this safety 

benefit is substantial already, yet it is also 

incomplete. Through the velocity reduction, the 

unavoidable subsequent collisions will have 

reduced DeltaVs. This will contribute to further 

risk reduction for subsequent collisions. 

Additional injuries and fatalities will be avoided 

thanks to the mitigation effects of SCMB. 

 

 

CONCLUSIONS 

 

Multi-collisions crashes are significantly more 

severe than single crashes. In fact, they include 

53% of the field fatalities for about 21% of all 

accidents. A theoretically perfect avoidance of 

subsequent collisions would target 40% of the 

field fatalities and provide a potential safety 

benefit of 21% reduction in fatalities.  

 

However complete avoidance is only theoretical. 

Taking into consideration an achievable braking 

deceleration of 0.6G’s, SCMB enables a reduction 

of ~30% of subsequent collisions, rollovers, and 

VRUs impacts, potentially saving a predicted 6% 

of field fatalities. 

 

 

REFERENCES 

 

[1] Secondary Collisions Following a Traffic 

Barrier Impact: Frequency, Factors, and Occupant 

Risk; Douglas J. Gabauer 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC32

42556/ 

[2] Secondary collisions revisited: real-world 

crash data and relationship to crash test criteria; 

2013; Randall C. Gowat, Douglas J. Gabauer, 

Bucknell University 

http://digitalcommons.bucknell.edu/cgi/viewconten

t.cgi?article=1452&context=fac_journ 

[3] FAY, P.A., SFERCO, R. and FRAMPTON, R., 

2001. Multiple impact crashes - consequences for 

occupant protection measures. IN: Proceedings of 

the 2001 IRCOBI Conference on the Biomechanics 

of Impact, 10-12 October, Isle of Man 

https://dspace.lboro.ac.uk/dspace-

jspui/bitstream/2134/1078/1/PUB198.pdf 

[4] Odate, S., Daido, K., and Mizutani, Y., 

"Research on Variable-Speed Brake Control in 

Multiple-Collision Automatic Braking," SAE 

Technical Paper 2015-01-1410, 2015, 

doi:10.4271/2015-01-1410.  

http://papers.sae.org/2015-01-1410/ 

[5] Togawa, A., Murakami, D., Pal, C., and 

Okabe, T., “Effect of Impact-Triggered 

Automatic Braking in Multiple Impact Crashes,” 

SAE Technical Paper 2012-01-1181, 2012, 

doi:10.4271/2012-01-1181. 

https://saemobilus.sae.org/content/2015-01-1410 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3242556/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3242556/
http://digitalcommons.bucknell.edu/cgi/viewcontent.cgi?article=1452&context=fac_journ
http://digitalcommons.bucknell.edu/cgi/viewcontent.cgi?article=1452&context=fac_journ
https://dspace.lboro.ac.uk/dspace-jspui/bitstream/2134/1078/1/PUB198.pdf
https://dspace.lboro.ac.uk/dspace-jspui/bitstream/2134/1078/1/PUB198.pdf
http://papers.sae.org/2015-01-1410/
https://saemobilus.sae.org/content/2015-01-1410


VITET 9 

 

[6] Togawa, A, Murakami, D, Chinmoy, P and 

Okabe, T, “AN INSIGHT INTO MULTIPLE 

IMPACT CRASH STATICS TO SEACH FOR 

FUTURE DIRECTIONS OF COUNTER-

APPROACHES”, ESV 2011 Paper Number 11-

0203 

https://www-

esv.nhtsa.dot.gov/Proceedings/22/files/22ESV-

000203.pdf 

 

[7] Sander, U, et al. “The Effect of Pre-

pretensioning in Multiple Impact Crashes.” 21st 

ESV, paper no. 09-0333, 2009.  

https://www-

nrd.nhtsa.dot.gov/pdf/Esv/esv21/09-0333.pdf 

 

[8] Bahouth, J. “Characteristics and Crash Factors 

Producing High-Severity Injuries in Multiple 

Impact Crashes.” 19th ESV, paper no. 05-0419, 

2005. 

http://citeseerx.ist.psu.edu/viewdoc/download?do

i=10.1.1.602.1437&rep=rep1&type=pdf 

 

[9] Digges, K. et. al. “Frequency of Injuries in 

Multiple Impact Crashes.” Proc. 47th AAAM 

Conference, pages 417–423, 2003. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC

3217534/pdf/aam47_p417.pdf 

https://www-esv.nhtsa.dot.gov/Proceedings/22/files/22ESV-000203.pdf
https://www-esv.nhtsa.dot.gov/Proceedings/22/files/22ESV-000203.pdf
https://www-esv.nhtsa.dot.gov/Proceedings/22/files/22ESV-000203.pdf
https://www-nrd.nhtsa.dot.gov/pdf/Esv/esv21/09-0333.pdf
https://www-nrd.nhtsa.dot.gov/pdf/Esv/esv21/09-0333.pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.602.1437&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.602.1437&rep=rep1&type=pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3217534/pdf/aam47_p417.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3217534/pdf/aam47_p417.pdf


Bartels 1 

 
DRIVING TESTS for the APPROVAL of AUTOMATICALLY COMMANDED STEERING 
FUNCTIONS 
 
Oliver Bartels 
Adrian Hellmann 
Patrick Seiniger 
Bundesanstalt für Straßenwesen (Federal Highway Research Institute) Brüderstraße 53, 51427 Bergisch 
Gladbach, Germany 
Phone: +49 2204 43616 
Fax:  +49 2204 43676 
E-mail:  bartels@bast.de / hellmann@bast.de 
 
Paper Number: 17-0270 
 
Technical Session: 
Crash Avoidance #3: Enhancing Safety with Connected and Automated Vehicles 
 

ABSTRACT 

The UN Regulation No. 79 is going to be amended to allow automatically commanded steering functions 
(ACSF) at speeds above 10 km/h. Hence, requirements concerning the approval of automatically performed 
steering manoeuvres have to be set in order to allow safe use of automatic steering on public roads as well as 
improve overall road safety for the driver and the surroundings. 
By order of the German Federal Ministry of Transport and Digital Infrastructure (BMVI), BASt developed and 
verified physical test procedures for automatic steering to be implemented in UN Regulation No. 79. The 
usability of currently available test tools was examined. The paper at hand describes these test procedures and 
presents results from verification tests. 
The designated tests are divided in three sections: functionality tests, verifications for the transition of control 
and emergency tests. System functionality tests are automatic lane keeping, automatic lane change and an 
automatic abort of an initiated lane change due to traffic. Those tests check if the vehicle remains in its lane 
(under normal operating conditions), is able to perform safe automatic lane change manoeuvres and if it 
considers other road users during its manoeuvres. Transition tests examine the vehicle's behaviour when the 
driver fails to monitor the system and in situations when the system has to hand over the steering control back 
to the driver. For instance these tests provoke driver-in-the-loop requests by approaching system boundary 
limitations, like missing lane markings, surpassing maximum lateral acceleration in a bend or even a major 
system failure. Even further the driver and his inputs are monitored and if the system detects that he is 
overriding system actions or contrary want to quit the driving task and unfastens the seat belt, it has to shut 
down and put the human back into manually control and the responsibility of driving. The last series of test 
consists of two emergency situations in which the system has to react to a time critical event: A hard 
decelerating vehicle and a stationary vehicle in front both with no lane change possibility for the ACSF 
vehicle. 
Some of the tests, especially the emergency manoeuvres, require special target vehicles and propulsion 
systems. Since no fully automatic steering vehicles are available, a current Mercedes E-Class with Mercedes' 
‘drive pilot’ system was used. It was shown that the vehicle is automatically able to brake to a full stop 
towards a static Euro NCAP target from partial-automatic driving at 90 km/h, that it could brake towards a 
rapidly decelerating lead vehicle when travelling at 70 km/h, that it was able during partially automatic driving 
to remain in its lane in normal operation conditions and to perform a automatic (driver initiated) lane change 
while surveilling the driver’s activities. 
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INTRODUCTION 

Except for corrective steering functions, automatic 
steering is currently only allowed at speeds up to 
10 km/h according to UN Regulation No. 79. 
Progress in automotive engineering with regard to 
driver assistance systems and automation of 
driving tasks is that far that it would be technically 
feasible to implement automatically commanded 
steering functions also at higher vehicle speeds. 
Besides improvements in terms of comfort, these 
automated systems are expected to contribute to 
road traffic safety as well. However, this safety 
potential will only be exploited if automated 
steering systems are properly designed. Above all, 
possible new risks due to automated steering have 
to be addressed and reduced to a minimum. For 
these reasons, work is currently ongoing on 
UNECE level with the aim to amend the regulation 
dealing with provisions concerning the approval of 
steering equipment. These amendments of the UN 
Regulation No. 79 therefore are intended to cover 
normal driving situations, sudden unexpected 
critical events, transition to manual driving, driver 
availability and manoeuvres to reach a state of 
minimal risk. This includes physical test 
procedures for automatic steering that have to be 
implemented in the international regulations. This 
holds true for system functionality tests like 
automatic lane keeping or automatic lane change 
as well as for tests addressing transition situations 
in which the system has to hand over the steering 
task to the driver, and for emergency situations in 
which the system has to react instead of the driver. 
Some of the tests, especially the emergency 
manoeuvres, require special target vehicles and 
propulsion systems. BASt was asked by the 
German Federal Ministry of Transport and Digital 
Infrastructure (BMVI) to check whether the 
currently available test tools are usable and to 
verify the projected test procedures as a whole. 
The current paper characterizes the tests planned to 
be implemented in the UN Regulation No. 79 
(Part 1). Afterwards, the conduction of 
demonstration tests for ACSF functionality, 
transition and emergency scenarios with a 
productions car is reported and results of the 
feasibility of these tests scenarios are presented 
(Part 2). Since no fully automatic steering vehicles 
are available until today, a current Mercedes E-
Class with Mercedes' ‘drive pilot’ system was used 
for the feasibility tests. Test conduction requires 
coordinating up to four vehicles including a 
motorcycle in strict tolerances. 

PART 1: TESTS INTENDED TO BE 
IMPLEMENTED IN UN REGULATION 
NO. 79 

To enable automated driving in UN Regulation 
No. 79, it is necessary to remove the restriction for 
automatically commanded steering, which means 
to delete the 10 km/h limit and replace it by new 
adapted requirements. 
There is one essential prerequisite for the 
development of new performance requirements for 
automated steering: The driver is still obliged to 
monitor the driving at all times. This condition 
follows the principle that it is not allowed for the 
driver to turn away from the driving task and be 
distracted. 
Another prerequisite is that the automated steering 
function shall be designed such that the driver can 
always override or switch off the system. While 
proposing requirements, care should be taken that 
automated steering is at least as safe as manual 
steering. This leads to a catalogue of needs for the 
demanded functionalities of the system. 
• The system shall safely do what it is designed 

for (safe operation of the use case). 
• The conditions for activation have to be 

defined. 
• Precautions for functional safety in the case 

of a failure have to be taken. 
• Special emphasis must be laid on the design 

of a safe transition from automated steering 
back to manual steering. 

To ensure these requirements, physical test 
procedures for automatic steering need to be 
implemented in UN Regulation No. 79 [1]. 
Systems for automatically commanded steering are 
planned to be subdivided in five categories. These 
categories and their short descriptions are listed in 
Table 1. 

Table 1. ACSF categories and descriptions [2] 
ACSF 

category 
Description of functionality 

A 
Low speed manoeuvring: Park assist / 
Remote Controlled Parking 

B1 
Lane Keeping: Lateral control with 
hands on the steering control 

B2 
Lane Keeping: Lateral control with 
hands off the steering control 

C 
Lane change: Lane change commanded 
by the driver 

D 
Lane change: System indicates 
possibility, driver confirms 

E 
Lane change: Lane change is 
performed automatically by the system 
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Category A describes systems in the low speed 
range up to 10 km/h. This could be e.g. systems for 
automatic parking manoeuvres, with or without 
remote control. Parking systems (category A) are 
already allowed and therefore not discussed 
further. The major distinction of the other systems 
is between lane keeping and lane change 
functionality. Category B specifies lane keeping, 
category C to E will describe lane changing 
functions with different capabilities of the system 
to scan the surrounding [2]. Therefore category C 
to E systems will cover different ranges of 
functionalities, resulting in different technical 
requirements. 
For all the categories different test cases are or will 
be developed based on the framework, scope and 
terms of reference given by GRRF and WP.29 [3]. 
As mentioned above the designated tests are 
divided in three sections, functionality tests, 
transition tests and emergency tests [4,5]. 
Category C, D and E systems always need to 
include a B1 or B2 system: 

Table 2. Intended ACSF test cases per category to 
be implemented in UN Regulation No. 79 

Test 
ID 

Description 

FU1 Lane keeping for B1 and B2 
FU2 Abort of lane change for D and E 
FU3 Lane change for C, D and E 
TR0 Holding steering control for B1 
TR1 Lateral acceleration exceeded for B2 
TR2 Missing lane marking for B2 
TR3 Driver unfastened for B2 and C 
TR4 Failure for B2 

TR5 
Taking over manual control for B1 
and B2 

EM1 
Braking with moving/decelerating 
target for B2 

EM2 Braking with stationary target for B2 
 
Category C and D need to be combined with a B1 
or possibly B2 system and category E with a B2 
system as a basis for the lane change functionality. 
Therefore the related test cases for the B1 or B2 
system are also applicable for the C, D and E 
systems. An overview over the intended test cases 
and their addressed categories to be implemented 
in UN Regulation No. 79 is given in Table 2. The 
Technical Service will be responsible for the 
homologation tests of the UN Regulation No. 79. 
 
FUNCTIONALITY TESTS 
System functionality tests are automatic lane 
keeping, automatic lane change and an automatic 

abort of an initiated lane change due to traffic. 
Additionally a lateral acceleration test for B1 and 
B2 systems will be required. Those tests check if 
the vehicle remains in its lane under normal 
operating conditions, is able to perform safe 
automatic lane change manoeuvres and if it 
considers other road users during its manoeuvres. 
Beside the tested criteria more information about 
the full system functionality will be delivered by 
the vehicle manufacturer to the Technical Service. 
 
FU1 test: Lane keeping test 
The lane keeping functional test will be required 
by all B1 and B2 systems and therefore effectively 
for all ACSF other than category A. 
The vehicle speed shall remain during the test in 
the range of the operational speed for the system 
function (vsmin up to vsmax as specified by the 
manufacturer). The test should be carried out with 
different speeds if the lateral vehicle acceleration 
induced by the system (ay,smax) changes with the 
speed. The driver should not apply any force on 
the steering and drive with a constant speed on a 
curved track (80% - 90% of ay,smax) with lane 
markings (Figure 1). The vehicle fulfils the test 
requirements if it always stays in its lane. 
 

 
Figure 1. Sketch for the FU1 test 

An additional maximum lateral acceleration test 
will be required to check if ay,smax is below the 
limits specified in the Regulation of 3 m/s2 for M1, 
N1 vehicles and 2.5 m/s2 for M2, M3, N2, N3 
vehicles. 
This test is similar to the FU1 test. The lateral 
acceleration now is intended to reach more than 
ay,smax + 0.3 m/s2 e.g. by travelling with a higher 
speed through the curve from FU1. The test 
requirements are fulfilled if the vehicle 
acceleration stays within the specified limits. 
 
FU2 test: Test for the abort of lane change 
The test for the abort of lane change is planned to 
be requested for all D and E systems. 
The vehicle will be driven on a straight track with 
two or more lanes with road markings with a speed 
of 70 km/h. Two other vehicles of category M1 or 
target vehicles drive in the same lane ahead and 
behind the ACSF vehicle with the same speed. The 
time gap between the vehicles should be 
1.9 s ±0.1 s or the ACSF vehicle adjusts its time 
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gap to the front itself. The desired speed of the test 
vehicle will then be set such, that a lane change 
would be induced to pass the vehicle ahead, e.g. 
20 km/h higher. The execution of the lane change 
will be always suppressed for safety reasons of the 
testing. The willingness to carry out a lane change 
("yes" or "no") will be recorded. A motorcycle of 
category L3 approaches from behind on an 
adjacent lane with a speed of 120 km/h and with a 
lateral distance to the lane marking sitting between 
the motorcycle and the vehicle of 1 m ±0.25 m 
(Figure 2). The test will be passed if the 
willingness to carry out a lane change switches 
from "yes" to "no" before the distance between the 
vehicle and the motorcycle falls below 68 m and 
remains "no" until the motorcycle has passed the 
vehicle completely. The proposed formula to 
determine this threshold is: 
 	 = 	 ∙ + 2	 ∙ + 	 ∙  

 
The distance of 68 m (sr) follows from the above 
proposed equation with a 1.2 s reaction time (tr) 
for the motorcycle driver, followed by a maximum 
demand for 3 m/s2 deceleration (ab) of the 
motorcycle from a speed of 120 km/h 
(Δv = 50 km/h) and a resulting minimum distance-
time of the motorcycle to the ACSF vehicle of 
1 s (td) when reaching the 70 km/h. 
In case the willingness to carry out a lane change 
is “no” at any time, the test should be repeated 
without a vehicle behind the test vehicle. If it still 
stays “no”, the test shall be repeated with reduced 
motorcycle speeds in steps of 10 km/h until the 
willingness to carry out a lane change is “yes” 
before the motorcycle approaches. System 
functionality thus should be limited. 
 

 
Figure 2. Sketch for the FU2 test 

FU3 test: Test for lane change 
The test for the capability to perform a lane change 
is intended to be fulfilled by all C, D and E 
systems. The test set up is identical to the FU2 test 
but without an approaching motorcycle and the 
vehicle behind the ACSF vehicle. The desired 
speed of the test vehicle again will be set e.g. 
20 km/h higher, that a lane change would be 
induced to pass the vehicle ahead (Figure 3). The 
requirements to fulfil the test are that the lane 
change manoeuvre will be completed without 

crossing the outer lane markings and the vehicle 
shall ensure a time gap of 1.9 s ±0.1 s to the 
overtaken vehicle after a second lane change 
manoeuvre back into the initial lane. 
 

 
Figure 3. Sketch for the FU3 test 

TRANSITION TESTS 
The transition tests examine the vehicle's 
behaviour when the driver fails to monitor the 
system and in situations when the system has to 
hand over the steering control back to the driver 
within an appropriate period of time. These tests 
provoke driver-in-the-loop requests by 
approaching system boundary limitations, for 
instance missing line markings, exceeding 
maximum lateral accelerations in a bend, failures 
in the system, driver not holding the steering 
control, overriding by the driver and when the 
driver unfastens the seat belt. 
 
TR0 test: Hands on test 
The hands on test is intended to be fulfilled by B1 
systems and checks whether the driver is holding 
the steering control device. 
The vehicle should be driven with a speed between 
vsmin + 10 km/h and vsmin + 20 km/h on a track with 
lane markings with released steering control until 
the ACSF is deactivated by the system. The 
selected track must provide enough space that it 
allows driving with activated ACSF for at least 
65 s without any driver intervention. The test 
should be repeated with a vehicle test speed 
between vsmax – 20 km/h and vsmax – 10 km/h 
(max. 130 km/h). The test will be fulfilled if an 
optical warning signal (Figure 4) is given at the 
latest 15 s after the steering control has been 
released, the optical warning signal is at the latest 
after 30 s full or partly red and an additional 
acoustic warning signal is given and remains until 
ACSF is deactivated. The ACSF shall be 
deactivated at the latest 30 s after the acoustic 
warning signal has started, with a different 
acoustic emergency signal of at least 5 s. 
 

 
Figure 4. Examples of the optical warning signal to 
hold the steering control 
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TR1 test: Transition due to exceeding lateral 
acceleration 
The TR1 test is intended to be fulfilled by B2 
systems and checks whether the system informs 
the driver in time to take over control again when 
the lateral acceleration limit is going to be 
exceeded or manages to prevent from exceeding 
the lateral acceleration limit. 
The vehicle will be driven on a track with road 
markings at a test speed of 80 km/h or 10 km/h 
below vsmax whatever is lower. The track should 
have a section in which the lateral acceleration of 
the vehicle would be more than (ay,smax + 0.5) m/s2 
for a length of at least 150 m (Figure 5). The test 
driver of the vehicle should not take over steering 
control again until the minimal risk manoeuvre is 
finished. 
 

 
Figure 5. Sketch for the TR1 test 

The test will be passed if a transition demand was 
given not later than at least when the lateral 
acceleration exceeds ay,smax by more than 0.3 m/s² 
and the vehicle does not cross any lane marking for 
4 s after the transition demand and a minimal risk 
manoeuvre (as specified by the vehicle 
manufacturer) was initiated not later than 4 s after 
the transition demand with the hazard lights 
activated not later than 4 s after the start of the 
minimal risk manoeuvre. A second possibility to 
pass the test would be if no transition demand is 
initiated during the test and the vehicle reduces 
speed by itself so that ay,smax was not exceeded for 
more than 1 s and the vehicle do not cross any lane 
marking. The 4 s time interval is a result of a 
driving simulator study from the National Traffic 
Safety and Environment Laboratory [6]. 
 
TR2 test: Transition due to missing lane 
marking 
The TR2 test is also intended to be fulfilled by B2 
systems and checks whether the system informs 
the driver in time to take over control again when a 
lane marking is missing and the system is not able 
to cope with it. The vehicle will be driven on a 
track with road markings at a test speed of 80 km/h 

or 10 km/h below vsmax whatever is lower. The 
track shall have a section in which the side lane 
marking is missing on one side with a length of at 
least 150 m and in which the lateral acceleration of 
the vehicle would be less than ay,smax and more than 
0.5 m/s2 (Figure 6). Here again the driver should 
not take over steering control again until the 
minimal risk manoeuvre is finished. 
 

 
Figure 6. Sketch for the TR2 test 

The test will be fulfilled if the transition demand is 
given at the latest when the vehicle entered the 
section with missing lane marking and the vehicle 
does not cross any lane marking and stays in the 
initial path for 4 s after the transition demand and a 
minimal risk manoeuvre is initiated as described in 
the TR1 test. Here again a second possibility to 
pass the test would be if no transition demand is 
initiated during the test and the vehicle follows the 
initial path for the complete section with missing 
lane marking without crossing any lane marking or 
leaving the road. 
 
TR3 test: Transition due to unfastening the seat 
belt 
The TR3 test is also intended to be fulfilled by B2 
systems and should prevent from misuse of the 
system by the driver with leaving his seat while 
driving. 
The vehicle should be driven on a track with 
curvatures with road markings at a speed of  
vsmax – 10 km/h. Subsequently, the driver shall 
unfasten the seat belt / or the seat belt sensor shall 
be cut off at the beginning of driving in the 
curvature. The test would be fulfilled if a transition 
demand is given when the unfastened seat belt was 
detected. The warning signal should continue until 
the driver steers again and the vehicle should not 
cross any lane marking for at least 4 s after the 
transition demand and a minimal risk manoeuvre is 
initiated as described in the TR1 test. 
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TR4 test: Transition due to failure 
The TR4 test is also intended to be fulfilled by B2 
systems and checks whether the system informs 
the driver in time to take over control again when a 
sensor of the system has a failure. The vehicle 
should be driven on a track with road markings at a 
test speed of 10 km/h below vsmax. The track should 
have a section with a length of at least 200 m in 
which the lateral acceleration of the vehicle would 
be less than ay,smax and more than 0.5 m/s2 
(Figure 7). A single sensor failure (e.g. for the lane 
marking detection) of the automatic steering 
function will be induced. 
 

 
Figure 7. Sketch for the TR4 and TR5 test 

The test will be passed if the failure warning and 
the transition demand were given immediately (not 
later than 0.5 s) after the sensor failure was 
induced and the vehicle should not cross any lane 
marking and a minimal risk manoeuvre is initiated 
as described in the TR1 test. 
 
TR5 test: Driver takes over test 
The TR5 test is similar to the TR4 and intended to 
be fulfilled by B2 systems and checks whether it is 
possible for the driver to take over control again 
when a sensor of the system has a failure. The 
vehicle should be driven on a track with road 
markings at a test speed of 70 km/h or 
(vsmax – 20 km/h) whatever is lower. The track shall 
have a section with a length of at least 200 m in 
which the lateral acceleration of the vehicle would 
be less than ay,smax and more than 0.5 m/s2 
(Figure 7). Again a single sensor failure (e.g. for 
the lane marking detection) will be induced. The 
driver should override the ACSF by steering after 
the transition demand and the minimal risk 
manoeuvre as described in the TR1 test was 
initiated. The test will be fulfilled if the ACSF is 

deactivated automatically, the minimal risk 
manoeuvre is aborted and hazard warning signal is 
deactivated after the driver overrides the ACSF. 
 
Overriding force test 
There is an additional overriding force test 
foreseen to be fulfilled by all B1 and B2 systems 
and therefore by all ACSF. The vehicle should be 
driven in the range from vsmin up to vsmax without 
any steering input (e.g. by removing the hands 
from the steering control) with a constant speed on 
a curved track (80% - 90% of ay,smax) with lane 
markings. The driver should then steer to override 
the system intervention and leave the lane. The test 
is fulfilled if the force to override the steering is 
less than 50 N. 
 
EMERGENCY TESTS 
The last series of test consists of two emergency 
situations in which the system has to react to a 
time critical event: 1st a hard decelerating vehicle 
and 2nd a stationary vehicle in front, both with no 
lane change possibility for the ACSF vehicle. 
 
EM1 test: Protective deceleration with a moving 
and decelerating target 
The vehicle will be driven behind a target vehicle. 
The vehicle and the target vehicle shall drive 
aligned within the lane markings on a track with 
road markings at a speed of 70 km/h. The time gap 
between the test vehicle and the target vehicle will 
be selected by the vehicle itself but should not be 
more than 2.4 s. The target vehicle decelerates at a 
certain point with 6 m/s² (Figure 8). The vehicle 
should not carry out a lane change to avoid a 
collision and therefore any adjacent lanes to the 
lane the vehicle is driving in should be physically 
blocked. The test will be passed if the ACSF 
vehicle does not collide with the target vehicle. 
 

 
Figure 8. Sketch for the EM1 test 

EM2 test: Protective deceleration with a 
stationary target 
The vehicle will be driven on a track with road 
markings at a test speed of 10 km/h below vsmax. 
The vehicle shall approach a target vehicle being at 
standstill and being placed in the centre of the lane 
(Figure 9). Again the vehicle should not carry out a 
lane change to avoid a collision and any other lane 
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adjacent to the lane the vehicle is driving in should 
be blocked as in the EM1 test. The demanded 
requirement is the same as for EM1. 
 

 
Figure 9. Sketch for the EM2 test 

PART 2: DRIVING EXPERIMENTS AND 
RESULTS 

A vehicle providing full ACSF capability was not 
available on the market at the time the tests were 
scheduled in September 2016. To get a first 
impression of the feasibility and practicality of the 
planned ACSF – tests, a production car equipped 
with modern assistance systems promising to cover 
most functionalities was selected: Mercedes-Benz 
E Class W213 production year 2016, referred to as 
vehicle under test (VUT). Since it was not an 
actual ACSF vehicle, not the entire test catalogue 
could be completed. It was not intended in any 
case to assess the performance of this vehicle. The 
aim was only to get an impression of the feasibility 
and practicality of the planned ACSF – tests. 
 

 
Figure 10. Measuring equipment of the 
motorcycle 

The basis for the conducted tests was the draft test 
specification for ACSF categories B1, B2 and E 
(status from September 2016). The vehicle’s lane 
change function was geo-fenced via GPS and 
digital maps to highways only and therefore the 
use of the function was prohibited on test tracks. 
Driving on public road was the only option for the 

FU3 tests. FU1, TR0/1 and EM1 and EM2 were 
conducted at the Aldenhoven Testing Center 
(ATC) of RWTH Aachen University GmbH, while 
the FU2 test was conducted at DEKRA Automobil 
Test Center Klettwitz, since at this test track 
motorcycles are allowed for testing and in addition 
it does provide a 2 km long straight track. 
All vehicles’ dynamic parameters (positions, 
angles, speeds, and accelerations) were recorded 
via an inertial measuring unit (IMU) combined 
with differential GPS data (Figure 10). This allows 
position accuracy up to 1 cm [7]. 
 
FUNCTIONALITY TESTS 
FU1 test 
The FU1 test needs three to four fully marked lane 
curves with different radius to be able to maintain 
the identical lateral acceleration on the requested 
three to four test speeds. 
To reduce effort for this first impression only one 
speed - radius combination was assessed. The 
speed was maintained through the vehicle's cruise 
control function, while the correct values for speed 
and acceleration were checked via the IMU. 
The assessment of line crossing was done via a 
relatively small action video camera mounted 
above the front tire pointing towards the ground. A 
simple visual check is enough to evaluate if the car 
overruns the marking (Figure 11). 
 

 
Figure 11. FU1 Test via video data 

FU2 test 
As mentioned before, the FU2 conduction requires 
the participation of a motorcycle, as well as a 
straight track of approximately 2 km length with at 
least two fully marked lanes. For safety reasons it 
has to be ensured that enough lateral space is 
available. The motorcycle must be able to steer 
away from its initial path in the case the VUT 
would still overtake. The test vehicle convoy 
consisted of a leading vehicle (Mercedes Benz 
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Sprinter T1N), the VUT (Mercedes Benz E-Class) 
and a rear view blocking vehicle (VW Passat B6). 
The leading vehicle is responsible for the test 
speed since the VUT and the following vehicle are 
set up to maintain a specific distance through the 
active cruise control which includes distance 
control. Any instability in the speed of the leading 
vehicle has an effect on the entire convoy. The 
leading vehicle only needs a GPS-Speed indication 
to set up the correct target speed which was then 
held by the build in speed control unit (70 km/h for 
this test). Once all three vehicles were in line and 
the distance and speed control smoothed out, the 
motorcycle approached from behind. The VUT had 
a live position, speed and relative distance display. 
This allowed the VUT test driver to initiate the 
overtaking command at the exact moment 
(Figure 12). The driver of the VUT was 
permanently in contact with the driver of the 
motorcycle via mobile phone to share commands 
like test start or test abortion. 
 

 
Figure 12. FU2 convoy with motorcycle 

In this particular situation the car did not obey to 
or refused the lane change command since the 
functionally inhibited by geo-fencing, as stated 
above. Advantageously the test procedure could 
therefore be exercised and analysed without 
exposing the motorcycle driver to any danger. To 
reduce the effort for the motorcycle driver to 
maintain the correct distance of 1 m from the right 
sided lane marking while driving with the speed of 
120 km/h some additional markings were 
temporarily put on the tarmac. Along the 2 km 
straight a yellow chalk line with 1 m ±1 cm 
distance to the lane marking had been set up. The 
motorcycle had an additional display for a GPS-
speed indication and together with several training 
runs, tolerances could be maintained as tight as 
possible for manual speed control. The manual 

speed and path control of the motorcycle is 
analysed in a window of -70 m to  +70 m (= -5 s to 
+5 s TTC) relative to the VUT (position reference 
is the VUT, positive value means the motorcycle is 
ahead of the VUT). The speed was held at 
120 km/h with a tolerance of ±5 km/h (Figure 13). 
The lateral distance could be held in an interval of 
1 m ±0.45 m (Figure 14). Both values exceed the 
current tolerances. 

 
Figure 13. Motorcycle speed 

 

Figure 14. Lateral distance motorcycle to line 

A major improvement would be the use of a cruise 
control for the motorcycle. This would decisively 
reduce the multi task operation into a single task 
operation for the motorcycle driver to only 
maintain a correct lateral position. Alternatively 
the tolerance could be enlarged to the above 
mentioned values allowing the test to be fulfilled 
without too many invalid runs. 
During the approach of the motorcycle from 
behind the driver of the VUT constantly monitored 
the longitudinal relative distance. Once it fell 
under 89 m the turn signal was set to initiate an 
overtaking command. That was obviously useless 
since the function was not active, but was executed 
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to examine the practicability. The 89 m threshold 
results from the 68 m defined above in the 
requirements with in addition the distance the 
requested three turn indicator blinks are emitted. 
The highest allowed blinking frequency is 2 Hz, 
which gives a minimum of 1.5 s for three complete 
blinking cycles, and together with the relative 
speed of 50 km/h the result is around 21 m [4]. 
Without any reaction of the VUT an assessment 
becomes obsolete, but it was shown and proven 
that the described procedure is feasible. 
 
FU3 test 
Due to geo-fencing, this test could not be 
performed on a test track. The street section had to 
be straight and approximately flat and should 
provide three lanes per direction to be able to drive 
safely with the leading vehicle constantly 
100 km/h (GPS-Speed) without disturbing the 
other traffic to much. The selected highway was 
the Autobahn A 4 between Aachen and Cologne 
(Figure 15). Outside of a test track the use of the 
differential GPS was not possible but since relative 
positions were recorded and both cars' GPS units 
do suffer from the same atmospheric disturbances, 
the impact on the position tolerances is estimated 
to be below 0.5 m [7]. Otherwise the same 
measuring equipment was used as in the FU1 and 
FU2 tests. 
 

 
Figure 15. Leading vehicle for the FU3 test on a 
public road 

The active cruise control of the VUT was set to a 
speed of 120 km/h (shown in the instrument 
cluster). The overtaking command was initiated by 
triggering the turn indicator first fully to the left 
side to change to the overtaking lane and then once 
the leading vehicle was passed (synonymous with 
a relative distance of 10 m) the turn signal to the 
right side was fully triggered to bring the VUT 
back to its initial lane with a second lane change 

manoeuvre. The demanded relative distance to the 
lead vehicle should be between 50 m and 55.5 m 
(1.9 s ±0.1 s at 100 km/h) before and after the 
overtaking manoeuvre. This relative distance 
complies with local traffic rules but was slightly 
elevated compared to normal real world driving. 
Together with the slow relative speed of only 
around 15 km/h the total overtaking time was long 
and other traffic participants showed their 
disagreement especially with the second lane 
change back after the overtaking manoeuvre.  
An additional shorter initial distance was selected 
within the possibilities of the active cruise control, 
resulting in a time gap of 1.26 s - 1.44 s 
(corresponding to a distance of 35 m - 40 m). Five 
test runs were conducted (see Figure 16). Note that 
the initial relative speed is not constantly starting 
at zero. This might be due to the system layout 
chosen by the manufacturer to maintain the desired 
distance. 
 

 
Figure 16. FU Test runs in comparison 

The mean lateral shift for all five lane changes is 
approximately 3.5 m (red line in Figure 16), which 
corresponds to the standard lane width of 3.5 m on 
an average three lane highway [7]. The VUT does 
accelerate quickly to gain a speed difference in the 
beginning of the overtaking and smoothes out 
while passing (blue line in Figure 16). 
The VUT passed this test. The total  time required 
for the overtaking maneuver was 23 s - 28 s (even 
with the shorter initial distance). 
 
TRANSITION TESTS 
Due to the assistance systems with limited 
functionality fitted in the VUT, TR0 and partly 
TR1 could be conducted together. The absolute 
limit of ay,smax was unknown but an assumption of 
ay,smax = 1 m/s² was made after some verification 
runs. The setup of the VUT is equal to the FU1 
test, besides an additional camera on the dashboard 
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to capture the optical warning which is shown in 
the head up display (Figure 17), and an audio 
trigger to record the acoustic warning. Both signals 
were synchronised and examined post test. 
 

 
Figure 17. Optical warning for the hands off 
detection in the head up display 

Via the cruise control option an indicated speed of 
50 km/h, corresponding to a true speed of 
47.1 km/h, was selected. The bend had a radius of 
186.5 m with a total bend of just above 190°. The 
single test speed was chosen because auf the 
available test track and to check several system 
features. 
The vehicle also limited the speed itself in the 
bend to not generate higher lateral accelerations. 
This appeared to also fulfil the requirements for 
the TR1 test if conducted on a suitable test track 
for the required speed. The resulting lateral 
acceleration was between 0.75 m/s2 and 1.1 m/s² 
and therefore confirmed the assumed ay,smax. The 
system did also fulfil the demanded warning 
signals by emitting the optical and acoustical 
warnings as requested by the ACSF tests (draft 
ACSF test procedures September 2016: optical 
warning within 30 s and different optical warning 
with an additional acoustical warning within 60 s; 
after Jan. 2017 the values have changed to 15 s and 
30 s) when driving hands off on the test track. 
 
EMERGENCY TESTS 
EM1 test 
Because of the similarity between the emergency 
tests and the current Euro NCAP active safety 
protocols (AEB Inter-Urban Test 2016), most of 
the test tools for these tests were directly derived 
from Euro NCAP. The inflatable target simulates 
the rear end of on a VW Touran (optically and 
with the radar cross section) and is towed on a 
trailer by a vehicle (Mercedes E240 W210) 
equipped with driving robots and position 
measuring equipment with differential GPS. This 
allows relative tight tolerances for the position and 
speed control as well as precise relative position 
calculation (similar to FU2). In addition, this 
equipment applies the requested 6 m/s² brake 
deceleration on the towing vehicle, ensuring the 

correct force is applied to the brakes with a brake 
robot. 
The major distinction to the Euro NCAP 
procedures is the required presence of road 
markings (enabling ACSF lane keeping), the 
higher test velocity (70 km/h vs. 50 km/h) and the 
missing driving robots in the VUT. The target is 
mounted on a trailer formed by two parallel rails 
that allow the target to move along if the VUT fails 
the test and the target would be impacted. The rails 
are so narrow that they clear the tires of the VUT 
giving some room for an emergency stop and abort 
the test run (Figure 18). 
 

 
Figure 18. Euro NCAP target trailer 

The VUT did perform very well on this test and 
did not hit the target. The initial distance was 
29.68 m with a test speed of 68.11 km/h. The 
distance at standstill was 2.36 m with brake 
activation at 25.5 m distance (Figure 19), which 
equals to a TTC time of 1.35 s. The requested 
tolerances could be met without problems. 
 

 
Figure 19. EM1 Performance (t = 0, target brakes) 

EM2 test 
EM1 and EM2 share the same background. The 
EM2 test is also derived from the current 
Euro NCAP active safety protocols (AEB City Test 
2016), but also with lane markings (for the same 
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reasons as above to make the ACSF working 
without the need of driving robots) and higher test 
velocities. 
To prevent the system to calculate its AEB 
intervention with a possible last second lane 
change, which would reduce the system 
performance, and to provoke a dead stop, two 
vehicles were parked at the adjacent lanes 
(Mercedes Benz Sprinter T1N on the left side and 
Mercedes Benz E240 W210 on the right side). The 
target (without the trailer) was put in the middle of 
the marked lane (Figure 20). 
 

 
Figure 20. Target and lane blocking vehicles 

The lane blocking vehicles were positioned 1 m 
next to the line marking and for safety reasons 7 m 
longitudinally ahead of the target to be away of the 
possible impact zone into the target. 
Tests were conducted with a speed of 70 km/h, 
80 km/h and 90 km/h. Remarkable is that with 
increasing speed the brake strategy of the VUT 
went from an early but smooth deceleration to a 
two stage deceleration with a hard emergency 
brake up to 9.8 m/s² at the end (Figure 21). The car 
did show good performance with no impact at all 
test speeds (Table 3. EM2 PerformanceTable 3). 

Table 3. EM2 Performance 
Test 

speed  
 

[km/h] 

Speed at 
AEB 

activation 
[km/h] 

TTC at 
AEB 

activation 
[s] 

Distance 
to target 
at stop 

[m] 
70 69.64 2.8 1.53 
80 79.38 1.8 2.83 
90 89.51 2.1 1.85 

 
Figure 21. Deceleration curves at 70 km/h, 
80 km/h and 90 km/h 

To avoid damage to the test tools the high speed 
tests (up to 120 km/h) have not been carried out, 
since it was stated clearly by the manufacturer that 
an impact will happen. In such a case or if no 
information about system limitations is known an 
alternative strategy must be formulated to avoid 
damages at the VUT or the test equipment (target): 
The test could be automatically aborted by 
applying full brake force (e.g. with an additional 
installed braking robot) at a dedicated limit for the 
TTC. The suggested formula to determine the 
threshold is: 
 	 = 2μ + 0.3	  

 
While the first summand is the physical limit to a 
dead stop the second summand (0.3 s) is a buffer to 
cover the time lags due to: brake robot activation, 
building up of hydraulic pressure, closing the gap 
between brake lining and disc, build up tire slip 
and the diving of the vehicle body. 
 
CONCLUSION 
 
A test series was conducted in order to examine the 
feasibility of currently available test tools and to 
verify the projected UN Regulation No. 79 test 
procedures for ACSF as a whole. Since no fully 
automatic steering vehicles are currently available, 
a current Mercedes E-Class with Mercedes' ‘drive 
pilot’ system has been used. Since this was not an 
ACSF vehicle, the entire test catalogue could not 
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be tested. Anyway it was not intended to assess the 
performance of this vehicle and the aim was to get 
a first impression of the feasibility and practicality 
of the planned ACSF – tests. 
The functionality test FU1 for the lane keeping 
capability was possible to be performed and a 
pass/fail-assessment for crossing lane markings is 
possible with a simple referenced wheel camera 
combined with a UTC time reference for the data 
synchronization with the vehicle speed and the 
lateral acceleration. The trials of the FU2 test for 
the abort of lane change showed that the test 
procedure is possible with a manually driven 
motorcycle on an adequate long test track, but the 
designated tolerances for the motorcycle speed and 
the lateral position might have to be extended to 
avoid too much invalid trials. The FU3 test was 
only possible to be performed on public roads 
because the chosen vehicle system was able to 
recognize the type of road via GPS and was 
restricted to operate the lane change function only 
on these roads. Therefore testing on a proving 
ground was not possible for this test. 
From all transition tests the TR0 and partly the 
TR1 was able to be performed. All other transition 
demands were not covered and needed by the 
functionality of the installed system. These 
missing transition tests have to be tested as soon as 
a vehicle with the appropriate system functionality 
is available. 
The emergency tests could be conducted with the 
designed specifications. The EM1 tests are a 
modification of the current Euro NCAP braking 
tests with a higher speed of 70 km/h instead of the 
50 km/h. The tests can be performed with current 
target and propulsion systems. The target vehicle 
needs to be equipped with a brake robot to ensure 
the exact brake profile. The EM2 tests are 
stationary tests with speed up to 120 km/h. The 
tests have been conducted only up to 90 km/h 
approaching speed and not with the designated test 
speed of 10 km/h below vsmax because of system 
limitation. If the test is not passed, impacts with 
more than 50 km/h need to be avoided to protect 
the target and the VUT. Therefore the abort of the 
test by automatically applying full brake force (e.g. 
with an additionally installed braking robot) at a 
dedicated limit for the TTC could be a solution to 
protect the VUT and the target. This limit can be 
calculated and determined for the used test track. 
BASt has carried out demonstration tests for ACSF 
functionality and emergency scenarios. In principle 
all performed scenarios can be tested using state-
of-the-art test tools (e.g. target systems, 
measurement equipment). 
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ABSTRACT 

 

Recent in-house benchmarking research has shown that seatbelt buckles in the rear seats of some passenger vehicles 

are becoming shorter and recessing further into the seat cushion in a possible effort to improve restraint geometry, 

achieve better Gabarit fit, or achieve other objectives. Despite the evident benefits associated with this trend, a major 

drawback could be that this recessed configuration reduces accessibility to the buckle for child occupants in booster 

seats. 

Therefore, the objectives of this study were to: 

1. Perform a series of usability studies with children to evaluate how the recessed position of the seatbelt buckle 

compares to an elevated position. 

2. Demonstrate the effectiveness of a motorized adjustable buckle (seatbelt buckle technology that extends or 

retracts via an electric motor) as a possible way to maintain the intended recessed buckle geometry in-use, while 

simultaneously providing improved buckle accessibility for child occupants in booster seats. 

A series of studies were conducted with a mounting fixture that simulated the rear right side seat of a midsized sedan 

with a booster seat. The fixture was equipped with a motorized adjustable buckle which replicated two buckle 

modes – recessed and elevated. Children of varying age, height and weight ranges were asked to buckle themselves 

with the buckle in both positions and observations were made of the number of latch attempts, latch durations, 

occupant preferences and difficulty level.  

Evaluations show that the elevated mode was preferred among the sample size due to its ease of accessibility.  

One specific seating configuration was used for this study – midsize right hand rear row sedan seat and average size 

booster seat. In order to universally confirm the study’s hypothesis, varying combinations of seat sizes and booster 

seats would have to be further studied. 

The study also suggests that child booster seat and vehicle seat designers should increase coordination of their 

respective product designs to better suit the abilities of child occupants. Furthermore, motorized buckles may be a 

viable alternative to the conundrum of maintaining the in-use buckle position intended by certain manufacturers 

while improving the accessibility of seatbelt buckles for child occupants in booster seats. 

 

INTRODUCTION 

 

Booster seat studies and analyses clearly show that 

booster seat use provides a remarkable advantage in 

child safety. Booster seats with seatbelts reduce the 

risk for injury in children aged 4 through 8 years over 

seatbelts alone by 45% [1,2], but when it comes to 

addressing the issue of geometrical compatibilities of 

booster seats with individual seatbelt components, 

there is limited available data. 

Seatbelts are versatile devices with components that 

individually contribute to various aspects of vehicle 

occupant safety. Seatbelt buckles are vital to 

completing the seatbelt loop as well as maintaining 

restraint. Car makers may lower the buckle into the 

seat for various reasons such as improving restraint 

geometry or achieving better Gabarit fit [3]. 

However, achieving those objectives may reduce 

accessibility to the buckle for child occupants in 

booster seats who are attempting to latch themselves. 

This leads to the first objective of this paper, which is 

to study whether recessed buckles cause accessibility 

issues for children in booster seats compared to a 

more elevated seatbelt buckle position, via a series of 

usability studies. The second objective, based on the 

outcome of the first objective, is to study the 

effectiveness of a motorized adjustable buckle as a 

practical solution that would resolve the dilemma of 

increasing accessibility to the belt buckle whilst 

maintaining the manufacturer’s intended in-use 

buckle position. 
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This paper specifically focuses on the compatibility 

of seatbelt buckle geometry with booster seats, 

among all the available child seat types. The 

reasoning for this limitation is two-fold – a) Stage-1 

and Stage-2 seats use a different latching system that 

does not require frequent latching and unlatching of 

the 3 point seatbelt, nor operation of the restraint by 

the children themselves, b) Children in booster seats 

are typically learning or already know how to use the 

3 point seatbelt, but given their small stature and 

developing motor skills require optimum 

compatibility between the various safety components. 

The intended outcome of this paper is to reveal and 

remark on how compatibility issues may arise when 

configuration changes are made to individual 

components that are intended to work as a part of a 

system. A second desired outcome of this paper is to 

discuss the efficacy of a specific technology (a 

motorized adjustable buckle) in reducing or 

eliminating one such compatibility issue.  

 

METHOD 

 

Surveying  
     Buckle and Vehicle Seat Survey: The first step 

in the data collection process was to establish a 

database of buckle and vehicle seat dimensions. This 

was done to establish buckle and seat measurements 

for the fixture to be used in the study. Buckles 

considered for this study were of outboard 1
st
 rear 

row and metal anchor strap type (see Figure A1 in 

Appendix for different buckle mounting types). The 

rear rows of a vehicle are away from all front airbags, 

and are the safest seating positions for child seats [4], 

thereby making the rear row the choice for the study. 

Next, a buckle type that had a consistent mounting 

length and whose mounting structure provided 

limited flexibility was required. Web type and cable 

type buckles were incompatible with this 

requirement, thereby qualifying metal anchor strap 

type buckles as the optimum choice for the study. 

The measurements taken were those that would help 

determine buckle position with respect to the seat. 

Dimensional data of outboard 1
st
 rear row buckles in 

vehicles of MY 2010-2016 was collected.  

The measurements taken were (Figure 1): 

1. Exposed buckle height (H) 

2. Distance from seat back to face 1 of buckle (L’) 

3. Distance from seat back to face 2 of buckle (L) 

4. Maximum seat base width (B) 
5. Center of seat to buckle (C)  
From the collected data multiple items were 

determined:  

1. The average H, L’, L and C buckle 

measurements for various vehicles from MY 

2010-2016.  

2. The average, largest and smallest rear seats, 

based on B measurement: 

a. Smallest : 38.5cm 

b. Average : 50cm 

c. Largest : 60cm 

This data was used to choose a seat for the study’s 

mounting fixture. The initial seating configuration 

intended for this study was a combination of the 

largest booster seat with the smallest rear row seat, 

for a “worst case” scenario evaluation. The width (B) 

of the smallest rear seat, from the results shown 

above was 38.5cm, 2.5cm narrower than the width of 

the largest available booster seat, which was 41cm 

wide. This incompatibility led to evaluating the next 

configuration in the setup progression, which was a 

combination of the largest booster seat and a seat 

with B ≥41cm, with the buckle residing outside the 

seat edge. A rear row vehicle seat with a consistent B 

= 45cm was procured based on the above 

observations. 

Table A1 in the Appendix lists the surveyed buckle 

dimensions and seat width measurements. 

     Booster Seat Survey: A total of 23 current 

Canadian market (high-back, no back, 2-stage and 3-

stage) booster seats were measured for the following 

lengths (for the complete list, refer to Table A2 in the 

Appendix): 

1. Maximum seat base width – the measurement 

across the largest span of the booster base (W, 

Figure 2a) 

2. Seat base height (H’, Figure 2b) 

Figure 2. Booster Seat Max. Width Measurement (Figure 

2a), Booster Seat Height Measurement (Figure 2b). 

Figure 2a Figure 2b 

W 
H’ 

H 

L 

L’ 

Figure 1a 

B 

C 

Figure 1b 

Figure 1. Buckle Measurements (Figure 1a), Seat 

Measurements (Figure 1b). 
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These measurements were studied to determine the 

largest and average sized booster seats available in 

the market.  

Backless boosters can be used when the vehicle seat 

and head restraint support the child’s head to the tops 

of the ears [5]. As most of our sample size was 

expected to fall short of meeting this requirement, a 

booster with a back was selected. An informal survey 

with a child seat sales associate provided the 

information that 3-stage child seats were the most 

popular among booster seats with a back, which led 

to choosing the largest 3-stage booster based on seat 

width and seat height measurements. The Safety 1
st
 

Alpha Omega Select (W = 41cm, H’ = 12cm, Figure 

3a) and the Evenflo Symphony Platinum DLX 

(W=39cm, H’ = 15.5cm, Figure 3b) were the two 

largest 3-stage boosters in the order specified, but 

were not available in stock. The Evenflo Platinum 

Safemax (W = 39cm, H’ = 12.5cm, Figure 3c) was 

the finalized option. This model had a wider seat 

back width than seat base width and padded wings. 

This in combination with its W and H’ measurements 

made it the best available candidate for a booster seat 

with the largest seat coverage. The booster had to be 

situated so that it was centered on the vehicle seat 

and off of the seat bolster on its right side, thereby 

placing it adjacent to the belt buckle on the left. 

Unfortunately, the size of the Platinum Safemax 

booster seat caused accessibility issues to the belt 

buckle. A trial study with an 8 year old occupant 

revealed that the test subject had significant difficulty 

in finding the buckle. The subject was completely out 

of position while trying to locate the buckle in both 

modes (recessed and elevated) and failed to latch in 

both scenarios. This led to a decision to replace the 

Evenflo booster with one of an average size. W and 

H’ measurements of the 23 boosters were averaged 

(Wavg = 36.91cm, H’avg = 10.35cm) and the 

Evenflo Right Fit booster (W = 36cm, H’ = 11cm, 

Figure 3d) matched the W result by a difference of 

2.5% and the H’ result by a difference of 6.3%. 

However, that booster seat was disqualified because 

it was a high back booster rather than a 3-stage 

booster. The Diono Radian R100 (W = 32.5cm, H’ = 

8.5cm, Figure 3e) was the ultimate choice, both due 

to its dimensional similarity to the average booster 

measurements and its ready availability in the 

market.  

 

Usability Study 

The intentions of this activity were to address – (a) 

Do recessed buckles pose convenience issues to child 

occupants in booster seats?  (b) How do they fare in 

comparison to elevated buckles? (c) Will the data 

vary among different groups of occupants (sorted by 

age, weight, height, gender etc.), and how? (d) Are 

motorized adjustable buckles a viable solution? 

     Mounting Fixture: A mounting fixture was 

constructed emulating the outboard 1st rear row 

seating position of an average mid-sized sedan 

(Toyota Camry), as shown in Figure 4. This choice 

was based on an informal survey of popular online 

automotive websites [6, 7]. The fixture was affixed 

with an outboard rear row vehicle seat, as previously 

 

 

 

Figure 3. Safety 1st Alpha Omega Select (Figure 3a), 

Evenflo Symphony Platinum DLX (Figure 3b), Evenflo 

Platinum Safemax (Figure 3c), Evenflo Right Fit Booster 

(Figure 3d), Diono Radian R100 (Figure 3e). 

Figure 3a Figure 3b 

Figure 3c 

Figure 3e 

Figure 3d 

Figure 4. Mounting fixture used for 

the usability study. 
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discussed in the Buckle and Vehicle Seat Survey 

section. More pictures of the mounting fixture have 

been placed in the Appendix.  A shelf-mounted 

seatbelt retractor assembly was placed over the right 

shoulder of the vehicle seat. The WSIR (Webbing 

Sensitive Inertial Response) VSIR (Vehicle Sensitive 

Inertial Response) and Automatic Locking Retractor 

(ALR) features were disabled so as to avoid 

interference due to locking during the study. A Diono 

Radian R100 booster seat (chosen from the booster 

seat benchmarking results) was placed atop the 

vehicle seat. 

An electronically driven motorized belt buckle that 

replicated two buckle modes – recessed and elevated 

– was positioned to the left of the booster seat (Figure 

5). In the recessed mode (Figure 5a), the buckle was 

positioned at L’ = 1cm, L = 5cm, H = 1 cm and C = 

22.5cm, which was based on the motorized adjustable 

buckle geometry, vehicle seat geometry and the range 

of buckle benchmarking results for MY 2016. In its 

elevated mode (Figure 5b) the buckle extended 

outwards and diagonally upwards by 50mm and 13 

degrees. The buckle was connected to a power supply 

and a switch that allowed the researcher to alter the 

buckle position between trials.  

The right side of the fixture was required to be 

completely adjacent to a wall (or any planar surface). 

This was to simulate the vehicle door, so as to 

recreate the vehicular environment for the test 

subjects and ensure test fidelity.  

 

 
             Figure 5a               Figure 5b 

     Study Constraints: The selection process 

involved picking consenting participants from three 

different local schools. All research ethics guidelines 

as defined in the Tri-Council Policy Statement by the 

Panel on Research Ethics [8] were adhered to in this 

process. Qualifications for candidates participating in 

the usability study were deemed as follows: 

 Age : 4 – 8 YO [9] 

 Weight: 18 – 40 kg [10] 

 Height : 101-144cm  – Diono Radian R100 User 

Manual recommended height range 

Some allowance was made for occupants that did not 

fall in the above stated weight range if they satisfied 

the height conditions, by a tolerance of 2kg. 

     Study Apparatus: The following tools were 

employed: 

 Two video recording devices, one with slow 

motion and frame by frame recording 

capabilities (60 fps), were used for this study. 

The slow motion device was placed directly in 

front of the buckle, on the left side of the fixture. 

The slow motion video recordings were used to 

analyze latch attempts, latch duration and hand 

movements. The second recording device was 

placed diagonally opposite and across from the 

fixture. These recordings were used to study the 

overall behaviour of the participants during the 

trials as well as any other observational data. 

 An electronic weighing scale  

 Two 60-in soft tape measures; one was taped to a 

wall for height measurements and the second 

was used for arm length measurements. 

 Two 3ft retractable metal tape measures; these 

tape measures were inserted into slots created in 

the roof of the mounting fixture and used to take 

Sitting Height and Shoulder to Buckle 

measurements. 

     Study Procedure: The study commenced with the 

participant being asked to state their name, age, 

gender and whether they were currently using a 

booster seat. 

Next, they were weighed and their arm length 

(straight line distance from the edge of their shoulder 

to the tip of their longest finger, (A)) and standing 

height (h) measurements were recorded (Figure 6).  

The participant was then asked to seat themselves in 

the fixture while Sitting Height (distance from the top 

of the head to the center of the seat base, (T)) and 

Shoulder to Buckle (straight line distance from the 

edge of their shoulder to the top surface of the buckle 

in the recessed mode, (E)) measurements were taken 

(Figure 7). Two slots were cut out in the roof of the 

Figure 5. Buckle in recessed mode (Figure 5a), Buckle 

in elevated mode (Figure 5b). 

Standing 

Height (h) 

Arm Length 

(A) 

Figure 6. Standing Height and Arm Length 

Measurement. 
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fixture to incorporate one tape measure each. One 

would be used to measure Roof to Head length (R) 

and the other to measure Roof to Shoulder (S). These 

measurements were subtracted from the Roof to Seat 

Base (81cm) and Roof to Buckle (92cm) 

measurements, which were measured beforehand, to 

obtain T and E measurements. Next, inquiries 

pertaining to the participant’s seatbelt wearing habits 

were made – if they knew how to independently use 

the seatbelt themselves, or if an adult had to assist 

them and how the adult would intervene. This was 

done to obtain an informal awareness of the 

participant’s latching regimen and to determine 

whether they were qualified to participate in the 

study. In the cases where the participant 

independently latched themselves occasionally, they 

would be encouraged to repeat that for the study, but 

if the participant always required assistance in the 

past and repeatedly struggled with extracting the 

webbing, maintaining their grip on the slip tongue 

and/or with the general logistics of using a seatbelt 

during the trials, they were ultimately disqualified.  

The protocol for the trials was as follows: 

1. Each participant was asked to familiarize 

themselves with the setup and practice extracting 

the webbing before the commencement of the 

trials.  

2. There were two trials for each participant – Trial 

A and Trial B, one for each buckle mode.  

3. The participants were asked to latch the seatbelt, 

first for Trial A.  

4. After Trial A, the researcher would switch the 

position of the buckle unbeknownst to the 

occupant, and ask them to repeat Step 3 for Trial 

B. They were not informed of the changing 

buckle modes between the trials (the change 

point of the study) so as to prevent any 

presumptive biases. 

5. Trials A & B were recorded separately on both 

recording devices for each participant. 

6. Any unique behaviour was observed and 

recorded. 

It is important to note that the order of the buckle 

modes was alternated between participants, as shown 

in the following example trial matrix: 

 
Table 1. 

 Usability Study Trial Matrix 

 
Participant # Trial A Trial B 

1 1 2 
2 2 1 

3 1 2 

4 2 1 

5 1 2 

   

 
1 Recessed 

 
2 Elevated 

 

This was done in order to eliminate any influence a 

consistent order may have had over the latch attempts 

and latch durations. It was important to verify at all 

times that the buckle was not over extended or under 

recessed. This was done by the simple act of affixing 

a measuring tape, 70mm long, on the visible side of 

the buckle. In the elevated mode, the 60mm mark had 

to coincide with the top surface of the adjacent 

vehicle seat cushion that the buckle was positioned 

flush against. In the recessed mode, the 10mm mark 

was to coincide with the surface of the vehicle seat 

cushion.  

The data collected from the study can be found in the 

Appendix in Table 3. Figure A3 in the appendix 

shows images taken during the course of the study. 

 

Analysis 

Data assessment was performed in three phases: 

     Paired t Tests: The buckle video recordings from 

the usability study were evaluated to obtain the 

number of latch attempts and total latch duration for 

Trial A & Trial B of each individual participant.  The 

statistical software Minitab was used for the purpose 

of conducting Paired t Tests for the following groups: 

 Latch attempts (recessed) vs Latch attempts 

(elevated) 

 Latch duration (recessed) vs Latch duration 

(elevated)  

It was important to define what counted as a latch 

attempt. After observing hand movements and body 

behaviour in multiple videos, the constraints to 

defining latch attempts were made. However it is 

essential to note that while these constraints do assist 

in outlining a method, latch attempt analysis was 

Sitting 

Height (T) 

Shoulder to 

Buckle (E) 

Figure 7. Sitting Height and Shoulder to Buckle 

Measurements. 
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subjective in certain specifically abstruse cases. Latch 

attempts were defined as follows: 

One latch attempt: 

o A single, deliberate and continuous 

downward movement of the slip tongue 

resulting in a singular interaction with ANY 

buckle surface (buckle top, PRESS button, 

buckle sides, buckle slot etc.). This 

downward movement would be 

accompanied by a distinctive 

upward/retracting movement in the case of 

an unsuccessful latch attempt. 

o A single, deliberate and continuous 

movement in the buckle region outside of 

the buckle, below reference line 1 (Figure 

8a). The slip tongue would interact with a 

single non-buckle surface (seat base, seat 

back, booster seat side). 

o A single, deliberate and continuous 

movement in the buckle region outside of 

the buckle, below reference line 1 with zero 

interactions with any surfaces. 

For the purpose of distinguishing between a 

continuous and a spasmodic latch attempt, it was 

decided that certain motions would be counted as 

“Half latch attempts”. 

Half latch attempt: 

o A deliberate and continuous downward 

movement of the slip tongue resulting in 

insertion into the buckle slot after a brief, 

unintended interaction with the PRESS 

button or the buckle cover. The insertion 

would be 1 latch attempt and the brief 

interaction with the PRESS button or the 

buckle cover, a half attempt. 

o A deliberate but interrupted downward 

movement of the slip tongue into the buckle 

slot where the movement of the slip tongue 

involves brief hesitation but no visible 

retraction.  

Latch duration was defined as the difference between 

the start time and end time during the course of 

attempting a latch. Latch start and end times for each 

mode were as follows: 

Recessed mode: The start time of the event was 

defined as the moment when any surface of the slip 

tongue would coincide with the top edge of reference 

line 1 (Figure 8a) and the end time of the event was 

defined as the moment when the PRESS button on 

the buckle reemerged after a successful latch (±1 

frame). 

Elevated mode: The start time of the event was 

defined as the moment when any surface of the slip 

tongue would coincide with the top edge of reference 

line 2 (Figure 8b) and the end time of the event was 

defined as the moment when the PRESS button on 

the buckle reemerged after a successful latch (±1 

frame). There were cases wherein the participant 

retracted the seatbelt or removed the slip tongue from 

the video recording frame to reform their grip. In 

these cases the time during which the slip tongue was 

out of the frame was subtracted from the overall 

duration. Cases where the tongue or buckle views 

were obstructed by the participant’s hand were 

disqualified.     

     Regression Analysis: Latch attempts and latch 

durations for each buckle mode were regressed 

against various predictor variables to understand 

which of these had the strongest influence on the 

outcomes, and how.  

The predictor variables considered for the regressions 

were: 

 Age (years) 

 Weight (kg) 

 Gender (M/F) 

 Standing Height (cm) 

 Sitting Height (cm) 

 Arm Length (cm) 

 Shoulder to Buckle (cm) 

However, Standing Height and Sitting Height had a 

strong factor of correlation. This was calculated using 

a simple regression (Figure 9). 

In order to avoid repeating and confounding data 

from predictor variables in regression assessment, 

Standing Height was taken out of consideration. 

Weight was deemed an independent variable that was 

correlational to the other predictor variables (age, 

sitting height, arm length) but not causal to the 

response variables, and was therefore taken out of 

consideration. Simple regression charts for these 

analyses can be found in Figure A4 in the Appendix. 

Ultimately, each of the response variables; Latch 

Attempts (Recessed), Latch Attempts (Elevated), 

Latch Duration (Recessed) and Latch Duration 

(Elevated) had multiple regressions with the 

collective five finalized predictor variables, namely 

Reference line 2 Reference line 1 

Figure 8. Reference lines used for latch duration 

assessment; Reference Line 1 (Figure 8a), Reference 

Line 2 (Figure 8b). 

Figure 8a Figure 8b 
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Age, Sitting Height, Arm Length, Shoulder to Buckle 

and Gender. 

     Observational Analysis: Video recordings of the 

test subjects during the trials were studied to identify 

any behavioral differences between the trials for each 

subject. Specifics are: 

1. The test subject being Out of Position while 

attempting to latch 

2. The test subject using the adjacent wall to 

push themselves closer to the buckle in 

order to perform the latch 

3. Any other distinct behaviour 

These observations would further assist in gaging the 

relative ease or difficulty for the test subjects in 

latching themselves in the different modes. 

The study was initially set up as a retrospective 

probing activity, where the users would be asked for 

subjective input on their experience and buckle mode 

preferences. This proved to be an ineffective strategy 

as the test subjects were seen to mimic answers they 

had heard previously from previous participants 

without being able to provide adequate reasoning. 

Some test subjects would also get distracted, or 

simply not understand the context of the questions, 

thereby resulting in the abandonment of this strategy.  

 

Results  

     Paired t Tests: The total sample size for overall 

analysis was 116 after removing test subjects that did 

not meet the recommended weight and height 

requirements. Latch Attempts and Latch Durations 

were assessed in two separate datasets as they were 

anticipated to have different final sample sizes. The 

difference in sample sizes between these two sets is 

because the reemergence of the buckle PRESS button 

at the time of latching was blocked by the 

participant’s hand, making it difficult to record the 

end time of the event. It was still viable to count the 

latch attempts because a clear view of the buckle was 

not a necessary requirement to do so; the downward 

movement of the hand pressing down on the buckle 

followed by the immediate removal of the hand from 

the slip tongue was satisfactory in ascertaining the 

final latch attempt. Therefore, those cases that did not 

meet the requirements for the Latch Duration dataset 

were excluded from the Latch Duration dataset only, 

but included in the Latch Attempts dataset as long as 

they met all the requirements for the latter. 

Table A4 in the Appendix shows the final results for 

Latch Attempts and Latch Duration. Figures A5-A9 

in the Appendix show graphed data of the results. 

Paired t Test evaluations were performed on these 

data groups using the statistical software Minitab.   

First, the outliers were calculated using the 1.5*IQR 

rule, which gave the following results: 
 

Table 2. 

 Outlier Fences for Latch Attempts in Various 

Categories 
 

Outliers – Latch Attempts 

Group 
Sub-

group 

Recessed 

Mode 

Elevated 

Mode 

  
LL UL LL UL 

Overall - -3 17 -0.5 11.5 

Age 

4 -5.3 28.8 -1 19 

5 -7.5 24.5 -1.3 12.8 

6 -0.6 12.9 0.8 8.3 

7 -2.6 14.4 0.3 10.3 

8 -0.3 9.8 2 6 

Sex 
Male -2.9 15.6 -0.7 11.8 

Female -3.4 17.6 -1.8 12.3 

Trials 
Rec. first -4.3 17.8 -0.5 11.5 

Elv. first -3.8 18.3 -1.8 12.3 

Note: LL – Lower Limit, UL – Upper Limit 

 

 

 

 

 

 

Figure 9. Fitted Line Plot for Standing Height vs 

Sitting Height. 
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Table 3. 

 Outlier Fences for Latch Duration in Various 

Categories 
 

Outliers – Latch Duration (s) 

Group 
Sub-

group 

Recessed 

Mode 

Elevated 

Mode 

  
LL UL LL UL 

Overall - 
    

Age 

4 -23.6 59.9 -14.1 41.9 

5 -14.3 40.6 -8.6 24.8 

6 -4.3 16.1 -1.5 10.3 

7 -0.1 10.1 -3.7 13.3 

8 -0.6 9.1 -1.5 8.9 

Sex 
Male -3.4 16.8 -3.9 15.4 

Female -5.5 18.4 -4.4 14.4 

Trials 
Rec. first -1.9 15.7 -5.3 16.7 

Elv. first -2.2 15.3 -1.8 12.3 

Note: LL – Lower Limit, UL – Upper Limit 

 

All negative lower fences are a result of the outlier 

calculation process. The Latch Attempts and Latch 

Duration variables are positive counts that start at 

zero. Therefore all negative lower outlier fences were 

effectively rounded up to a “0”. All outliers from this 

evaluation were excluded and Paired t Test analyses 

were performed using the resulting data. It is vital to 

note that only the initial outliers were removed and 

any subsequent outliers calculated by Minitab were 

not excluded. 

The tables below show the results of the Paired t Test 

evaluations for the final sample sizes in each group: 

 

Table 4.  

Paired t Test Results for Mean Latch Attempts in 

Various Categories 
 

          Latch Attempts 

Group 
Sub-

group 

Sample 

Size 

Paired 

Diff µ 

P-

value 

Overall - 112 1.83 <0.001 

Age 

4 23 2.97 0.003 

5 23 2.78 0.001 

6 24 1.38 <0.001 

7 25 0.8 0.088 

8 19 1.18 0.044 

Gender 
M 67 1.3 <0.001 

F 45 2.42 <0.001 

Trials 
Rec. first 57 1.97 <0.001 

Elv. first 55 1.69 <0.001 

Note: Alpha risk level for P-values: 0.05 

 

Table 5. 

 Paired t Test Results for Mean Latch Duration in 

Various Categories 
 

Latch Duration (s) 

Group 
Sub-

group 

Sample 

Size 

Paired 

Diff µ 

P-

value 

Overall - 96 1.21 <0.001 

Age 

4 22 3.55 0.062 

5 18 4.43 <0.001 

6 22 0.63 0.113 

7 22 0.62 0.16 

8 17 0.64 0.073 

Gender 
M 57 0.67 0.074 

F 38 1.77 <0.001 

Trials 
Rec. first 46 1.54 0.005 

Elv. first 50 0.91 0.023 

Note: Alpha risk level for P-values: 0.05 

 

For the purposes of evaluating the statistical 

significance of the data, all P-values > 0.05 were 

deemed not statistically significant. 

Examples for each category can be found in Figures 

A11 – A18 in the Appendix.  

The data demonstrates the following outcomes:  

 Regarding Latch Attempts: 

o The probability of the population showing 

fewer latch attempts for the buckle in the 

elevated mode than the buckle in the 

recessed mode is >99.9%. 

o The percentage difference in mean latch 

attempts for the overall sample size is 

24.02%. 

o The data determines a 95% confidence in 

that the true mean difference between 

recessed and elevated modes is greater than 

1.33 attempts or 17.5% decrease in latch 

attempts over the recessed mode. 

o The greatest difference in mean latch 

attempts occurred among the youngest 

occupants (4-5 YO) in the Age category 

with a mean difference of approximately 3 

attempts, and among females in the Gender 

category with a mean difference of 2.4 

attempts. The order of the trials did not 

make an effective difference in the latching 

patterns of participants. 

 Regarding Latch Duration: 

o The probability of the population showing 

lower latch duration for the buckle in the 

elevated mode than the buckle in the 

recessed mode is >99.9%.  
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o The percentage difference in mean latch 

duration for the overall sample size is 

14.86%. 

o The data determines a 95% confidence in 

that the true mean difference between 

recessed and elevated modes is greater than 

0.62s or 7.6% decrease in latch duration 

over the recessed mode. 

o The greatest difference in mean latch 

duration occurred among the youngest 

occupants (4-5 YO) in the Age category of 

3.55-4.4s, and among females in the Gender 

category with a mean difference of 1.7s. The 

order of the trials did not make an effective 

difference in the latching patterns of 

participants. 

o The older occupants (7-8 YO) were the least 

affected by the change in buckle mode. 

     Regression Analysis:  As previously stated, 

multiple variable regressions were performed 

individually against the response variables. Only the 

initial set of residuals calculated by Minitab was 

removed and any residuals calculated by Minitab on 

the subsequent data were not excluded. Examples of 

individual response variable regressions can be found 

in Figures A19 – A20 in the Appendix.  

The following were the results of regression analysis:  

 

Table 6.  

Results of Regression Analysis 

 
Response 

Var. 

Predictor Var. in 

Model 

r
2
 

(%) 

P-

value 

LA Rec. 
Arm Length, 

Sitting Height 
40.6 <0.001 

LA Elv. 

Age, Sitting 

Height, Gender, 

Shoulder to Buckle 

43.1 <0.001 

LD Rec. 
Age, Sitting 

Height, Shoulder to 

Buckle 

41.8 <0.001 

LD Elv. 
Sitting Height, 

Shoulder to Buckle 
56.8 <0.001 

Note: LA - Latch Attempts, LD – Latch Durations 

 

As can be observed, the predictor variables in the 

model differ from case to case. In each case, the 

regression model opted for the variables that would 

help explain the variance in the output values the 

most without overfitting. It is evident from the 

resultant data that the predictor variables are only 

able to explain variance to a certain extent. The data 

resulted in the following outcomes: 

 Age, Sitting Height, Shoulder to Buckle, Arm 

Length and Gender are significant predictors of 

the data. 

 Other factors outside the scope of this study are 

responsible for the unexplained variance. 

 This data will help analyze the group of the 

booster seat using population that will benefit 

most from a switch to the motorized belt buckle. 

 This data will help examine the factors outside 

the predictor variables in the model that could 

influence latch attempt and latch duration 

outcomes, and if adjusting these factors would 

increase or decrease latch attempts and latch 

durations for the two buckle modes in future 

studies. 

     Other Observations: Miscellaneous subjective 

data recordings and observations helped provide 

further insight into differences in behavioural 

patterns when latching. It was observed that in 21.3% 

of recessed buckle cases, the occupants were out of 

position while attempting to latch themselves versus 

13.8% in the elevated mode. In 17.3% of recessed 

buckle cases, the occupants had at least one foot up 

on the adjacent wall to position themselves closer to 

the buckle, and 10.3% of cases in the elevated mode 

(Figure 10).  

 

DISCUSSION 

 

This study opens a doorway to questioning the 

compatibilities between various safety components 

intended to work together in a vehicle, outside of 

crashworthiness. The following incompatibilities 

were identified during various segments of this study: 

 Vehicle seat and booster: Vehicle seat sizes were 

discordant with booster sizes. The smallest 

vehicle seat in our dataset (B=38.5cm) would 

have disqualified 14 out of the 23 of the boosters 

shown in Table A2 in the appendix just by 

accounting for seat width only. Additionally, 

Figure 10. Occupant Out of 

Position and with his foot against 

the wall while attempting to latch 

in recessed mode. 
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these boosters exceeding seat widths cause issues 

when combined with other boosters in a vehicle. 

From an informal survey with parents of booster 

seat users, it was found that users opted for no-

back boosters due to the above discussed issues, 

when they would have normally opted for a high 

back with side impact and rollover protection 

features.  

 Buckle placement and booster: As discussed 

under Booster Surveying, the Evenflo Platinum 

Safemax booster seat experience showed that 

vehicle seat width (B) and booster seat width 

(W) measurements were not enough to assure 

accessibility. The booster had to be moved to the 

side where it was partially resting on the seat 

bolster and partially on the flat portion of the seat 

in order to access the buckle. When boosters 

obstruct access to the buckle, they have to be 

moved outboard until the buckle is accessible 

and re-centered after latching. This is 

inconvenient to do each time. Younger children 

cannot move the bulkier boosters and often end 

up requiring assistance. The recessed location of 

certain buckles adds to this conundrum.  In cases 

where the booster was not sitting on top of the 

buckle, the extrusions of the attachments on the 

boosters made it difficult to find the buckle.  

The lack of available data in this area calls for 

further research addressing design 

compatibilities focusing on accessibility issues. 

It was important to independently examine both the 

input variables, i.e. Latch Attempts and Latch 

Duration for this study. This is because the simple 

regression performed between Difference in Latch 

Attempts and Difference in Latch Duration showed 

that these variables were not strongly correlated (r
2
 = 

35.41%, Figure A10 in the Appendix). The possible 

reasons for this could be: 

 Multiple latch attempts were performed in a 

short span of time, as demonstrated by some 

older children in the study. 

 A single latch attempt was performed over a 

relatively long time span, as demonstrated by 

some younger children in the study. 

As previously discussed via regression analysis, other 

variables need to be examined to justify the 

unexplained variance in the data. Other potential 

predictors could be: 

o Different child seat types ( 2-stage, no-back, 

high back)   

o Vehicle make  

o Right or left handedness of the occupant  

o Buckle distance from booster seat 

o Buckle movement at the time of latching 

o Buckle angle 

o Buckle anchor type (webbing, cable) 

o Seat back angle  

o Test subject body size  

o Latch force 

This data may aid in examining how adjusting these 

factors would influence latch attempts and latch 

durations. It would also provide further insight into 

user population groups that would most benefit from 

motorized adjustable buckle technology. If the 

motorized adjustable buckle were to be implemented 

as a solution to the issues discussed in this paper, 

these variances would help optimize the design of 

such a technology. 

The motorized adjustable buckle is designed to move 

to its recessed position after latching, therefore 

continuing to maintain the manufacturer’s intended 

low buckle position whilst increasing accessibility at 

the time of latch. From the analysis presented in this 

paper, this technology shows improvement for latch 

attempts and latch durations in the elevated mode as 

compared to the recessed position of the buckle. 

Further studies to evaluate optimum latching height, 

reducing buckle movement and incorporating 

unexplained variances may show more success for 

this equipment. 

 

LIMITATIONS  

 

Certain aspects of data collection used in this analysis 

may have introduced unintended variability to the 

estimates. Due to a need for further assessments 

using more configurations, the results cannot be 

considered universally representative of the randomly 

sampled test subjects. 

The limitations associated with this study are as 

follows: 

 Only one buckle configuration in the recessed 

mode was studied. Further studies using the best 

and worst case buckle benchmarking data would 

provide insight into latching tendencies. 

 Only one buckle configuration in the elevated 

mode was studied (50mm height increase). 

Further studies into higher buckle lengths would 

help analyze the optimum buckle height for 

latching. 

 One seating configuration was used - midsize 

right hand rear row sedan seat and average size 

booster seat. Varying combinations of seat sizes 

and booster seats would have to be studied. 

 The buckle in the elevated mode rotated 

sideways and downwards following thrusts from 

the occupant attempting to latch in certain cases. 

This may have influenced a higher latch attempt 

and latch duration count in the elevated mode. 

Having a sturdier buckle mount may reduce latch 

attempt and latch duration counts. 
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 Only five predictor variables were taken into 

account. Changing the seating configuration, 

buckle distance from booster seat, and other 

factors outside the scope of this study may 

influence the results of future evaluations. 

 In the cases of some younger occupants, 

assistance was provided with the webbing feed, 

as they visibly struggled to completely extract 

the webbing themselves. The amount of webbing 

provided was not measured in each case, and this 

randomness could have introduced some 

variability. 

 

CONCLUSION 

 

This study used the most recent data available to 

examine the effectiveness of current booster seat and 

rear seatbelt buckle compatibility. The analysis of the 

sample in the study confirmed objective 1 of the 

paper – the recessed buckle position is more difficult 

than the elevated buckle position for occupants in 

booster seats in the study sample that are attempting 

to latch themselves (from Paired t Test evaluations 

and subjective observational data). 

From the collected data, we were also able to observe 

that occupants of ages 4-5 show the greatest 

improvement in latching patterns (attempts and 

durations) when switched over to a buckle with 

greater accessibility. Females show greater 

improvement over males in latching patterns when 

switched over to the higher buckle. The order of 

latching does not significantly change the latching 

patterns. 

The regressions show the influential extent of factors 

like age, sitting height, arm length, shoulder to buckle 

length and gender on the variability of data. 

Over the past decade, evaluations with child 

volunteers have examined how different booster seat 

designs improve belt fit using realistic vehicle and 

seat belt geometries [11, 12, 13] While latch attempts 

and latch durations show a significant improvement 

in the case of the elevated motorized adjustable 

buckle, further studies are required to assess their 

universal effectiveness. 
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APPENDIX 

Table A1. 

 Buckle and Seat Width Measurements 

 

    
Seat Buckle 

# Year Make Model 
B 

(cm) 

C 

(cm) 

H 

(cm) 

L 

(cm) 

L' 

(cm) 

1 2017 Chrysler Pacifica 46.5 23.25 2.6 6 2.6 

2 2017 Ford Fusion 50 22.5 6 4.5 0 

3 2016 Dodge Caravan 52 21 5 9.5 5.5 

4 2016 Dodge Dart 54 22.5 0.5 8 4 

5 2016 Ford Escape 46 16 5 8.5 4.5 

6 2016 Ford Focus 50 22 4.5 6 2 

7 2016 Ford Fusion 55 23 6.5 5 1.5 

8 2016 Hyundai Sonata 49 20 4.5 7 3 

9 2016 Jeep Cherokee 52 20 3 8 4 

10 2016 Jeep Grand Cherokee 50.5 20 1 8.5 4.7 

11 2016 Mazda 3 49.5 24.25 3.5 7 2 

12 2016 Mazda CX-5 53 22.5 4 6 1.5 

13 2016 Nissan Rogue 52.5 22.25 3.8 12.5 8.5 

14 2016 Chrysler 200 48 20 6 6 2.5 

15 2016 Nissan Maxima 38.5 19.25 6.5 5.2 1.8 

16 2016 Chrysler Town & Country 50 20 4.5 6 3 

17 2016 Kia Optima 39.5 N/A 7.8 7 3 

18 2016 Mazda CX-3 48 18 2 11.5 7 

19 2016 Volvo XC90 51.8 N/A 10 7 3 

20 2016 Honda HR-V 51.8 15.54 10 7 3 

21 2016 Mercedes GLC 46.5 19.5 4.5 9 5 

22 2016 Toyota RAV4 52.5 19 6 10.5 4.5 

23 2015 Dodge Caravan 47.0 21.5 5.0 5.0 0.0 

24 2015 Ford Escape 46.0 16.2 3.0 8.0 3.0 

25 2015 Mazda 3 51.0 18.5 1.5 6.5 2.0 

26 2015 Jeep Cherokee 52.0 20.0 4.0 8.0 5.0 

27 2015 Fiat 500L 41.0 15.0 5.0 18.0 13.0 

28 2015 Ford Fusion 48.5 18.0 5.5 5.5 1.0 

29 2015 Toyota Sienna 58.5 24 7.5 11 4 

30 2015 Ford Focus 50.0 22.3 4.5 5.3 1.5 

31 2015 Chrysler 200 51.2 22.8 2.0 7.0 2.5 

32 2015 Toyota RAV4 52.0 19.5 4.4 10.8 5.8 

33 2015 Chrysler Town & Country 52.4 21.0 5.0 8.0 4.0 

34 2015 Ford Edge 50.0 20.0 -3.0 2.1 -2.7 

35 2014 Chevrolet Cruz 50.0 17.0 3.5 12.0 6.0 

36 2014 Jeep Cherokee 54.0 21.0 3.4 10.0 6.0 

37 2014 Jeep Grand Cherokee 50.5 19.0 0.0 11.0 7.5 

38 2014 Ford Fusion 47.0 18.0 5.0 5.0 0.0 

39 2014 Dodge Caravan 51.0 23.2 5.0 8.5 4.5 

40 2014 Ford Focus 51.0 23.5 5.3 5.1 1.5 

41 2014 Ford Escape 47.0 19.0 3.8 7.4 3.0 
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42 2014 Mazda 3 55.0 20.5 0.0 6.5 2.0 

43 2013 Ford Escape 46.0 17.0 3.0 7.5 3.0 

44 2013 Ford Focus 50.0 16.0 4.0 6.0 1.0 

45 2013 Chevrolet Cruz 49.0 17.5 4.0 12.0 6.0 

46 2013 Chrysler Town & Country 52.4 21.0 5.0 8.0 4.0 

47 2013 Hyundai Elantra 50.0 25.0 4.0 5.0 1.0 

48 2013 Dodge Dart 51.5 19.0 2.3 6.0 2.0 

49 2013 Chevrolet Malibu 51.5 23.0 4.0 12.2 7.7 

50 2013 Ford Fusion 50.0 22.0 5.5 4.3 0.7 

51 2012 Dodge Caravan 51.0 22.8 5.0 7.5 3.5 

52 2012 Dodge Dart 51.0 20.0 1.5 7.0 3.0 

53 2012 Chrysler 300 50.0 17.0 5.5 5.0 0.0 

54 2012 Jeep Cherokee 49.0 17.0 0.0 9.0 4.5 

55 2012 Ford Focus 50.0 18.0 3.5 5.7 1.0 

56 2012 Chevrolet Cruz 49.5 17.0 5.0 12.0 8.5 

57 2012 Dodge Caravan 51.0 22.8 5.0 7.5 3.5 

58 2011 Jeep Cherokee 49.0 18.0 0.0 9.0 5.0 

59 2011 Dodge Caravan 52.0 21.0 4.0 7.6 4.0 

60 2010 Dodge Caravan 51.5 21.5 4.1 8.5 4.5 

Note: All measurements based on in house benchmarking and are not reflective of vehicle design  

conditions. 

Table A2.  

Booster Seat Measurements 

 

Brand Model Booster Type Seat base W (cm) Seat base H’ (cm) 

Safety 1st Grow N Go 3-stage 26.5 13.5 

Cosco Top Side No Back No Back 27.5 7 

Clek Ozzi No Back 30 9 

Safety 1st Alpha Omega Elite Air 3-stage 31.1 10.5 

Diono Radian RXT 3-stage 32.5 8.5 

Diono Ranier 3-stage 32.5 8.5 

Diono Radian R100 3-stage 32.5 8.5 

Evenflo Evolve 3-stage 34.5 11 

Evenflo Right Fit Belt Positioning High Back 36 11 

Britax Pioneer 3-stage 38 11 

Britax Frontier Clicktight 2-stage 38 11 

Graco Nautilus 2-stage 38.5 10 

Graco Argos 65 2-stage 38.5 10 

Clek Oobr High Back 39 10 

Evenflo Symphony Platinum DLX 3-stage 39 15.5 

Evenflo Platinum Safemax 3-stage 39 12.5 

Graco High Back Turbobooster High Back 40 8 

Graco No Back No Back 40 10 

Safety 1st Alpha Omega Select 3-stage 41 12 

Graco Affix High Back 42.5 9 

Evenflo Maestro 2-stage 43.5 10 

Britax Parkway SGL High Back 43.8 11 

Evenflo SecureKid 2-stage 45 10.5 

Note: All measurements based on in house benchmarking and are not reflective of vehicle design conditions. 
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Table A3.  

Data Collected from Usability Study 

 

# Age Sex Weight h A R T S E 

1 4 M 17.4 106 44 26 55.0 45 47.0 

2 4 F 19.1 111 46 25.3 55.7 48.2 43.8 

3 4 M 16.6 102 43 30.8 50.2 54.2 37.8 

4 4 M 17.8 105.5 43 27.2 53.8 47.6 44.4 

5 4 M 17.3 107 44 27 54.0 48 44.0 

6 4 M 17.5 109.5 46 27 54.0 45.5 46.5 

7 4 M 16.7 106 42 25 56.0 49 43.0 

8 4 F 19.2 102 42 27 54.0 46.6 45.4 

9 4 M 16.9 104 43 29 52.0 48 44.0 

10 4 F 17.9 105 43 28 53.0 48 44.0 

11 4 M 19.1 109 43 25.3 55.7 46.5 45.5 

12 4 M 18.1 103 42 27.4 53.6 47.1 44.9 

13 4 F 16.9 106 40 28.2 52.8 50 42.0 

14 4 F 19.2 108 48 28 53.0 50 42.0 

15 4 F 17.8 109.5 43 24.1 56.9 46.6 45.4 

16 4 M 22.9 119 47.5 21 60 45.2 46.8 

17 4 M 23.5 119 46 18 63 41.4 50.6 

18 4 M 18.4 110 43 25.7 55.3 48.0 44.0 

19 4 M 18.5 115 45 21.6 59.4 47.2 44.8 

20 4 M 20.5 116 45 20.2 60.8 44.0 48.0 

21 4 M 17.6 105 44.5 27 54 47.2 44.8 

22 4 F 17.1 102 43 29.5 51.5 47 45.0 

23 4 F 17 111 49 26 55 47.3 44.7 

24 5 F 23.3 122 51 17.4 63.6 40.4 51.6 

25 5 M 20 112 46 24 57.0 45 47.0 

26 5 M 18.1 110 42 22 59.0 40.2 51.8 

27 5 M 27.9 117 48 24 57.0 43.5 48.5 

28 5 F 21.8 116 49 19.5 61.5 42.2 49.8 

29 5 F 17.4 109 45 23.5 57.5 45.5 46.5 

30 5 M 20.1 114 47 22 59.0 46.5 45.5 

31 5 F 23.5 115 46 20 61.0 44 48.0 

32 5 F 28.9 128 51.5 15 66 36.7 55.3 

33 5 F 22.4 127 51 17 64 49.0 43.0 

34 5 M 21.1 116 46 21.8 59.2 41.5 50.5 

35 5 F 18.5 120 46 23.5 57.5 44.5 47.5 

36 5 F 16.8 112.5 45.5 22.4 58.6 45.7 46.3 

37 5 F 21 115.5 42 19.4 61.6 43.2 48.8 

38 5 F 21.7 117 42 21.2 59.8 41.6 50.4 

39 5 M 25.8 120.5 48 21.7 59.3 41.6 50.4 

40 5 M 21.9 118 45.5 21 60 40.7 51.3 

41 5 F 21.4 118.5 49 18.1 62.9 43.4 48.6 

42 5 M 18.4 110 44 22.9 58.1 45.7 46.3 

43 5 M 22.5 115 40 21.3 59.7 43.4 48.6 

44 5 M 19.8 117 50 19.7 61.3 40.6 51.4 

45 5 F 17 111 45 22 59 45.9 46.1 

46 5 M 20.3 116 49 24 57 45 47.0 

47 5 M 21.3 115 49.5 23 58 42.3 49.7 

48 6 M 31.7 123 52 22 59.0 44.5 47.5 
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49 6 F 24.1 125 52 18 63.0 41.6 50.4 

50 6 M 24.8 128.5 53 16 65.0 41.5 50.5 

51 

52 

6 

6 

F 

M 

19.4 

22.5 

116 

121 

50 

49 

20.3 

20.2 

60.7 

60.8 

41.1 

43.3 

50.9 

48.7 

53 6 F 22.5 123 50 20 61.0 42 50.0 

54 6 F 24.7 120.5 51 19 62.0 41.5 50.5 

55 6 F 18.6 120 49 20.2 60.8 43 49.0 

56 6 M 23.4 123 50 18.2 62.8 40.5 51.5 

57 6 M 20.5 118 51 21 60.0 42.4 49.6 

58 6 M 21.4 119 49 20.4 60.6 44 48.0 

59 6 F 21 121.5 51 20 61 43.5 48.5 

60 6 M 22.7 124 51 17.6 63.4 40.0 52.0 

61 6 F 24.9 128.5 50 17.5 63.5 41.6 50.4 

62 6 F 20.4 120 48 20 61 43.5 48.5 

63 6 M 27.1 134 55 13.1 67.9 39.1 52.9 

64 6 F 22.9 122.5 46.5 19.1 61.9 41.4 50.6 

65 6 M 19.8 124 52 19.3 61.7 41.7 50.3 

66 6 M 23.2 127.5 50 17.7 63.3 40.6 51.4 

67 6 M 28.3 125.5 52 18.9 62.1 40.7 51.3 

68 6 F 23.2 120 44.5 18.8 62.2 41.2 50.8 

69 6 F 20 119 50 22.3 58.7 42.3 49.7 

70 6 M 20.5 120 51 23.3 57.7 43.7 48.3 

71 6 M 19.4 117 50.5 22 59 42.5 49.5 

72 7 M 26.6 131.5 55.5 12.5 68.5 37.9 54.1 

73 7 F 26.2 130 55 15 66.0 40 52.0 

74 7 M 28 131 56 14.8 66.2 40.3 51.7 

75 7 M 24.4 126 54 14.4 66.6 36.7 55.3 

76 7 M 20.1 121 47 20 61 43.5 48.5 

77 7 M 21.2 127 50 20.1 60.9 42.3 49.7 

78 7 M 22.3 125 50 19 62 44.5 47.5 

79 7 F 21 121 48 21 60 41.7 50.3 

80 7 M 26 125 49 19.5 61.5 41.0 51.0 

81 7 M 22.6 122 48 18 63 41.3 50.7 

82 7 M 27.9 138 52 13.4 67.6 37.5 54.5 

83 7 M 27.4 128 52 17.1 63.9 40.7 51.3 

84 7 M 29.3 130 53.5 19.5 61.5 41.0 51.0 

85 7 F 19.8 120 46 20.7 60.3 44.0 48.0 

86 7 F 29.3 137.5 56.5 12.8 68.2 35.8 56.2 

87 7 M 29.8 139.5 58 12 69 37.3 54.7 

88 7 M 24.4 129.5 52.5 14 67 39.0 53.0 

89 7 M 26.8 130.5 50 12 69 36.6 55.4 

90 7 M 27.3 133 53.5 14 67 38.7 53.3 

91 7 M 34.8 132 57 17 64 40.7 51.3 

92 7 M 20.9 118 54 25.5 55.5 45 47.0 

93 7 M 24 119 50.5 18.5 62.5 41.5 50.5 

94 7 M 31.2 134 58.5 14.5 66.5 38.1 53.9 

95 7 M 36.2 134 59 14.5 66.5 38.2 53.8 

96 7 M 24.9 127.5 56.5 13.1 67.9 35 57.0 

97 7 F 22.1 120.5 53 20 61 42.3 49.7 

98 8 M 25.4 127.5 54 15 66.0 40.7 51.3 

99 8 M 39.4 140 61 11.5 69.5 37.3 54.7 

100 8 F 29.5 138 58.5 15.4 65.6 41.3 50.7 
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101 8 M 27.1 131 58 13 68.0 40.9 51.1 

102 8 M 28.8 135 58.5 15.9 65.1 40.6 51.4 

103 

104 

8 

8 

M 

M 

26.6 

27.1 

130 

133 

56.5 

53.5 

14 

15 

67.0 

66 

39.9 

35.0 

52.1 

57.0 

105 8 F 31.7 133 52.5 13.6 67.4 38.4 53.6 

106 8 M 32.7 139 52 11 70 37.0 55.0 

107 8 F 33.7 142 56 11.5 69.5 35.8 56.2 

108 8 F 29.8 139 56.5 12.5 68.5 36.3 55.7 

109 8 F 27.5 139 57 11.3 69.7 37.5 54.5 

110 8 F 34.6 140 56 12.5 68.5 35.6 56.4 

111 8 M 24.5 125 56 17.5 63.5 41 51.0 

112 8 F 40.8 135 61 14.4 66.6 36.5 55.5 

113 8 M 25.3 128 56.5 18 63 39 53.0 

114 8 M 22.3 126 55.5 17 64 37.3 54.7 

115 8 F 30.8 138.5 60 13 68 33.5 58.5 

116 8 F 24.7 134 57 14.4 66.6 39.6 52.4 

 

Table A4.  

Trial Latch Attempts and Latch Duration Results 

 

 

    

  

  

  

  

Time to Latch (Rec) Time to Latch (Elev)   

# Age 
Trial 

A 

Trial 

B 
LA 

Rec 

LA 

Elev 
 LA Diff Start End Duration Start End Duration LD Diff 

1 4 2 1 19 12 7 00:16.5 01:07.0 50.50 00:40.9 01:04.6 23.70 26.8 

2 4 1 2 16 10.5 5.5 26.31 54.8 28.49 14.67 34.3 19.63 8.86 

3 4 2 1 27 16 11 00:08.9 01:15.9 67.00 40.83 01:51.3 50.5 16.5 

4 4 1 2 26.5 23 3.5 10.54 56.11 45.57 00:09.6 01:03.0 53.4 -7.83 

5 4 2 1 12.5 8.5 4 9.38 29.45 20.07 26.77 40.06 13.29 6.78 

6 4 1 2 8 9 -1 4.04 11.63 7.59 3.75 11.71 7.96 -0.37 

7 4 2 1 17.5 12.5 5 4.95 33.68 28.73 7.94 42.39 34.45 -5.72 

8 4 2 1 10.5 2.5 8 2.59 10.83 8.24 6.34 9.31 2.97 5.27 

9 4 1 2 4 4.5 -0.5 15.6 23.31 7.71 4.6 17.93 13.33 -5.62 

10 4 1 2 9 2 7 12.07 42.9 27.1 1.6 14.2 12.6 14.5 

11 4 2 1 6.5 5 1.5 7.72 17.17 9.45 9.09 19.89 10.8 -1.35 

12 4 2 1 14.5 22.5 -8 22.04 N/A N/A 7.11 40.07 32.96 N/A 

13 4 2 1 13 9 4 9.53 26.76 17.23 2.71 20.9 18.19 -0.96 

14 4 1 2 5 8.5 -3.5 2.64 6.72 4.08 4.5 25.08 20.58 -16.5 

15 4 2 1 3.5 3.5 0 17.11 22.41 5.30 11.67 16.02 4.35 0.95 

16 4 2 1 4 6.5 -2.5 8.39 12.21 3.82 19.96 24.99 5.03 -1.21 

17 4 1 2 7.5 8 -0.5 14.8 19.55 4.75 9.69 16.1 6.41 -1.66 

18 4 1 2 16 10 6 13.88 28.26 14.38 8.43 23.41 14.98 -0.6 

19 4 2 1 10.5 7.5 3 15.32 24.29 8.97 21.09 27.94 6.85 2.12 

20 4 2 1 12.5 6.5 6 14.41 29.61 15.2 14.26 24.54 10.28 4.92 

21 4 1 2 9.5 11.5 -2 8.85 17.77 8.92 10.89 24.81 13.92 -5 

22 4 1 2 17.5 7.5 10 20.99 51.77 24.05 15.92 22.81 6.89 17.16 

23 4 1 2 14.5 9.5 5 8.73 51.55 42.83 17.23 43.04 21.74 21.09 

4.69 24 5 1 2 8 5.5 2.5 6.66 16.07 9.41 5.24 9.96 4.72 

25 5 1 2 15 7 8 8.61 28.58 19.97 6.12 18.08 11.96 8.01 

26 5 2 1 13 11.5 1.5 0.63 20.07 19.44 7.87 24.02 16.15 3.29 

27 5 1 2 15 7.5 7.5 18.03 39.47 21.44 1.21 11.13 9.92 11.52 

28 5 2 1 4.5 4 0.5 6.29 10.74 4.45 6.67 12 5.33 -0.88 

29 5 2 1 15 5 10 5.79 45.53 39.74 32.35 00:46.0 12 27.74 
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30 5 2 1 5 3 2 1.9 6.01 4.11 4 6.04 2.04 2.07 

31 5 1 2 12.5 10.5 2 20.21 43.5 20.2 23.69 37.02 13.33 6.87 

32 5 1 2 9.5 4 5.5 11.25 24.66 12.30 11.43 14.08 2.65 9.65 

33 5 2 1 4.5 4.5 0 7.27 10.53 3.26 6.83 10.13 3.30 -0.04 

34 5 1 2 3.5 6 -2.5 6.35 N/A N/A 4.21 N/A N/A N/A 

35 

36 

5 

5 

2 

1 

1 

2 

19 

12 

12 

5.5 

7 

6.5 

8.08 

7.12 

32.07 

15.15 

23.99 

8.03 

25.49 

3.85 

42.84 

12.08 

17.35 

8.23 

6.64 

-0.2 

37 5 2 1 6 7 -1 10.23 21.60 11.37 13.31 20.6 7.29 4.08 

38 5 1 2 8 6 2 25.63 32.27 6.64 12.39 21.42 9.03 -2.39 

39 5 2 1 8 3.5 4.5 10.72 26.16 14.24 5.51 13.33 7.82 6.42 

40 5 1 2 2 4 -2 6.16 N/A N/A 2.88 N/A N/A N/A 

41 5 1 2 4 3.5 0.5 12.41 20.62 8.21 4.89 8.46 3.57 4.64 

42 5 2 1 8.5 9 -0.5 6.49 16.07 5.31 6.5 19.77 7.33 -2.02 

43 5 2 1 28.5 6.5 22 11.54 1.01.93 63.97 4.47 16.98 12.51 51.46 

44 5 2 1 3.5 4.5 -1 10.21 17.02 6.81 17.90 21.99 4.09 2.72 

45 5 2 1 12 10 2 22.02 59.13 33.12 31.61 50.08 18.47 14.65 

46 5 1 2 5.5 7 -1.5 N/A N/A N/A N/A N/A N/A N/A 

47 5 1 2 12.5 2 10.5 N/A N/A N/A 6.47 9.88 3.41 N/A 

5.16 48 6 2 1 7 3.5 3.5 2.67 11.14 8.47 6.2 9.51 3.31 

49 6 1 2 8 5.5 2.5 5.34 11.21 5.87 2.58 7.21 4.63 1.24 

50 6 1 2 7 5 2 3.59 6.66 3.07 1.55 5.62 4.07 -1 

51 6 2 1 4 4.5 -0.5 7.17 10.64 3.47 8.11 11.59 3.48 -0.01 

52 6 1 2 5 7 -2 11.75 17.37 5.62 1.5 9.74 8.24 -2.62 

53 6 2 1 5 5.5 -0.5 3.15 7.34 4.19 5.49 10.59 5.1 -0.91 

54 6 1 2 9.5 5.5 4 8.61 14.83 6.22 3.45 9.08 5.63 0.59 

55 6 2 1 6 5.5 0.5 10.56 14.35 3.79 16.93 22.09 5.16 -1.37 

56 6 1 2 7 4 3 4.07 12.6 8.53 1 4.85 3.85 4.68 

57 6 2 1 2.5 3.5 -1 3.62 6.76 3.14 5.96 8.66 2.7 0.44 

58 6 1 2 4 3 1 8.39 13.6 5.21 5.54 8.46 2.92 2.29 

59 6 1 2 5.5 3.5 2 10.87 16.37 5.5 8.02 10.99 2.97 2.53 

60 6 2 1 5 6 -1 7.47 12.41 4.38 6.35 13.05 6.70 -2.32 

61 6 2 1 4.5 4 0.5 6.16 8.76 2.60 8.81 12.58 3.77 -1.17 

62 6 2 1 10 7.5 2.5 10.29 24.31 14.02 7.46 28.78 12.00 2.02 

63 6 1 2 8 4.5 3.5 17.96 24.36 6.40 10.86 14.10 3.24 3.16 

64 6 1 2 9.5 7 2.5 5.51 15.7 10.19 3.9 14.75 10.85 -0.66 

65 6 2 1 12.5 11 1.5 19.09 33.33 14.24 35.61 56.09 17.51 -3.27 

66 6 1 2 4 2.5 1.5 7.45 N/A N/A 1.99 N/A N/A N/A 

67 6 2 1 5.5 5 0.5 2.8 4.85 2.05 4.9 7.81 2.91 -0.86 

68 6 2 1 4 3 1 5.74 8.63 2.89 10.93 13.83 2.9 -0.01 

69 6 1 2 7.5 4 3.5 17.37 25.99 8.62 22.41 26.89 4.48 4.14 

70 6 2 1 4.5 4 0.5 2.3 6.52 4.22 5.19 7.64 2.45 1.77 

71 6 2 1 6 4 2 37.74 51.53 13.79 43.43 49.32 5.89 7.9 

-2.43 72 7 2 1 5 7 -2 1.95 13.21 4.56 13.59 24.12 6.99 

73 7 1 2 6 3 3 23.49 27.81 4.32 2.49 6.47 3.98 0.34 

74 7 2 1 4 4.5 -0.5 4.25 7.97 3.72 6.87 11.43 4.56 -0.84 

75 7 1 2 4.5 6.5 -2 5.98 8.26 2.28 5.66 11.48 5.82 -3.54 

76 7 2 1 10.5 4.5 6 3.36 13.75 10.39 5.63 11.24 5.61 4.78 

77 7 1 2 5 5 0 3.45 8.32 4.87 1.77 4.56 2.79 2.08 

78 7 1 2 8.5 4.5 4 3.44 8.64 5.2 2.21 4.55 2.34 2.86 

79 7 2 1 3 3 0 5.22 7.37 2.15 15.72 18.15 2.43 -0.28 

80 7 2 1 3.5 3 0.5 2.77 7.37 4.6 6.71 11.29 4.58 0.02 

81 7 1 2 3.5 4 -0.5 6.61 8.39 1.78 1.12 3.4 2.28 -0.5 
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82 7 1 2 9 9 0 4.35 12.71 8.36 4.63 11.75 7.12 1.24 

83 7 1 2 8 4.5 3.5 2.01 7.87 4.34 2.8 6.17 3.37 0.97 

84 7 2 1 5.5 9.5 -4 3.7 7.52 3.82 4.57 11.49 6.92 -3.1 

85 7 1 2 9 4.5 4.5 1.51 8.05 6.54 5.01 6.99 1.98 4.56 

86 7 2 1 5 6.5 -1.5 4.05 8.98 3.40 9.47 17.03 7.56 -4.16 

87 

88 

7 

7 

1 

1 

2 

2 

3 

17 

4 

4.5 

-1 

12.5 

14.27 

10.82 

N/A 

N/A 

N/A 

N/A 

9.32 

10.75 

N/A 

20.34 

N/A 

9.59 

N/A 

N/A 

89 7 2 1 7 5.5 1.5 5.78 19.27 13.49 19.56 26.64 7.08 6.41 

90 7 1 2 3.5 8 -4.5 5.24 N/A N/A 4.51 27.09 15.9 N/A 

91 7 1 2 6 6.5 -0.5 16.60 20.74 4.14 6.01 10.66 4.65 -0.51 

92 7 2 1 8 4 4 N/A N/A N/A N/A N/A N/A N/A 

93 7 2 1 9.5 3 6.5 11.34 18.41 7.07 8.96 12.08 3.12 3.95 

94 7 1 2 4 5 -1 10.51 16.68 6.17 7.99 11.48 3.49 2.68 

95 7 2 1 7 4 3 7.31 11.9 4.59 10.44 15.17 4.73 -0.14 

96 7 2 1 7.5 7 0.5 5.19 11.19 6 5.77 14.1 8.33 -2.33 

97 7 1 2 3.5 3 0.5 10.94 14.58 3.64 8.73 10.91 2.18 1.46 

-0.32 98 8 2 1 5 4.5 0.5 2.32 5.12 2.8 2.54 5.66 3.12 

99 8 1 2 5.5 3.5 2 4.44 7.52 3.08 2.32 7.81 5.49 -2.41 

100 8 2 1 6 2.5 3.5 4.67 8.84 4.17 2.26 4.67 2.41 1.76 

101 8 1 2 3 7 -4 1.59 7.11 5.52 1.52 7.72 6.2 -0.68 

102 8 2 1 4 3.5 0.5 4.8 11.68 4.55 11.11 13.55 2.44 2.11 

103 8 1 2 3 3.5 -0.5 2.47 5.97 3.5 2.88 6.17 3.29 0.21 

104 8 1 2 5 4 1 8.57 12 3.43 6.78 9.79 3.01 0.42 

105 8 1 2 9 4.5 4.5 11.66 22.17 9.45 7.46 10.12 2.66 6.79 

106 8 2 1 6 3.5 2.5 4.89 9.23 4.34 6.34 10.49 4.15 0.19 

107 8 1 2 3 2 1 17.81 20.8 2.99 6.57 8.81 2.24 0.75 

108 8 2 1 3.5 4.5 -1 2.68 5.17 2.49 5.19 7.61 2.42 0.07 

109 8 1 2 4 3.5 0.5 8.39 13.81 5.42 10.93 13.55 2.62 2.8 

110 8 2 1 2.5 3 -0.5 7.19 10.41 3.22 1.69 4.09 2.4 0.82 

111 8 1 2 7 4 3 10.89 16.58 5.69 4.17 6.94 2.77 2.92 

112 8 2 1 4.5 2.5 2 10.39 15.95 5.96 10.13 14.3 4.17 1.79 

113 8 1 2 14 6 8 16.02 29.78 13.76 14.06 25.02 10.96 2.8 

114 8 1 2 5 6.5 -1.5 11.19 16.53 5.34 12.11 16.68 4.57 0.77 

115 8 2 1 5 8.5 -3.5 28:48.0 26:24.0 2.54 43:12.0 28:48.0 5.74 -3.2 

116 8 2 1 8.5 4 4.5 4.12 14.26 10.14 8.69 N/A N/A N/A 

 

  

Figure A1a Figure A1b Figure A1c 

Figure A1. Metal anchor strap type buckle mount (Figure A1a), Cable type buckle mount [14] (Figure A1b), Webbing type 

buckle mount (Figure A1c). 
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Figure A2. Close-up of booster seat in the mounting fixture (Figure A2a), Rear view of mounting fixture (Figure A2b), 

Buckle switch (Figure A2c). 

Figure A2a Figure A2b Figure A2c 

Figure A3: Participants of the Usability Study. 
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Figure A4a 

Figure A4b 
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Figure A4c 

Figure A4d 

Figure A4. Simple Regressions; Weight vs Age (Figure A4a), Weight vs Arm Length (Figure A4b), Weight 

vs Shoulder to Buckle (Figure A4c), Weight vs Sitting Height (Figure A4d). 



Bandaru xi 
 

 

Figure A5. Graph Showing Latch Attempts for Study Sample. 

Figure A6. Graph Showing Latch Durations for Study Sample. 
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Figure A7. Graph Showing Latch Attempts vs Sitting Height for Study Sample. 

Figure A8. Graph Showing Latch Attempts vs Sitting Height for Study Sample. 
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Figure A9. Graph Showing Mean Latch Attempts vs Gender (Figure A9a), Graph Showing 

Mean Latch Durations vs Gender (Figure A9b). 
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Figure A10. Simple Regression for Difference in Latch Attempts vs Difference in Latch Duration. 
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Figure A11.Paired t Test for OVERALL Sample – Latch Attempts. 
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Figure A12.Paired t Test for Age 4 Sample – Latch Attempts. 
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Figure A13.Paired t Test for Female Sample – Latch Attempts. 
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Figure A14. Paired t Test for Recessed Mode First – Latch Attempts. 
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Figure A15.Paired t Test for OVERALL Sample – Latch Duration. 



Bandaru xix 
 

 

    Figure A16. Paired t Test for Age 4 Sample – Latch Duration. 
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Figure A17.Paired t Test for Female Sample – Latch Duration. 
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  Figure A18.Paired t Test for Recessed Mode First – Latch Duration. 
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F No of LA Elev = 158.3 - 0.757 X1 - 2.397 X3 - 2.925 X4 + 0.04698 X3*X4

M No of LA Elev = 159.1 - 0.757 X1 - 2.397 X3 - 2.925 X4 + 0.04698 X3*X4

Gender

X1: Age   X2: Arm Length   X3: Sitting Heig   X4: Shoulder to   X5: Gender
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Figure A19. Regression Analysis for Latch Attempts – Elevated. 
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Figure A20. Regression Analysis for Latch Duration – Elevated. 
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ABSTRACT 
 
The National Highway Traffic Safety Administration (NHTSA) and the Automotive Coalition for Traffic Safety (ACTS) 
began research in February 2008 to try to find potential in-vehicle approaches to the problem of alcohol-impaired driving.  
Members of ACTS comprise motor vehicle manufacturers representing approximately 99 percent of light vehicle sales in 
the U.S.  This cooperative research partnership, known as the Driver Alcohol Detection System for Safety (DADSS) 
Program, is exploring the feasibility, the potential benefits of, and the public policy challenges associated with a more 
widespread use of non-invasive technology to prevent alcohol-impaired driving. The 2008 cooperative agreement between 
NHTSA and ACTS for Phases I and II outlined a program of research to assess the state of detection technologies that are 
capable of measuring blood alcohol concentration (BAC) or Breath Alcohol Concentration (BrAC) and to support the 
creation and testing of prototypes and subsequent hardware that could be installed in vehicles. Phase 3, funded under the 
2013 cooperative agreement (2013 CA), and subsequent phases of research, outline further refinement of the technology.  It will 
test how the instruments might operate in a vehicle, as well as perform basic and applied research to understand human 
interaction with the sensors both physiologically and ergonomically.  At the completion of this effort a determination will be 
made with respect to the devices, whether the DADSS technologies can ultimately be commercialized. This paper will outline 
the technological approaches and program status.

INTRODUCTION 

Alcohol-impaired driving (defined as driving at or 
above the legal limit in all states of 0.08 g/dL or 0.08 
percent) is one of the primary causes of motor vehicle 
fatalities on U.S. roads every year and in 2015 alone 
resulted in almost 13,966 deaths.  There are a variety 
of countermeasures that have been effective in 
reducing this excessive toll, many of which center 
around strong laws and visible enforcement.  
Separate from these successful countermeasures, the 
National Highway Traffic Safety Administration 
(NHTSA) and the Automotive Coalition for Traffic 
Safety (ACTS) began research in February 2008 
aimed at identifying potential in-vehicle approaches 
to the problem of alcohol-impaired driving.  
Members of ACTS comprise motor vehicle 
manufacturers representing approximately 99 percent 
of light vehicle sales in the U.S.  This cooperative 
research partnership, known as the Driver Alcohol 
Detection System for Safety (DADSS) Program, is 
exploring the feasibility, the potential benefits of, and 
the public policy challenges associated with a more 

widespread use of non-invasive technology to 
prevent alcohol-impaired driving. The 2008 
cooperative agreement between NHTSA and ACTS 
(the “Initial Cooperative Agreement”) for Phases I 
and II outlined a program of research to assess the 
state of detection technologies that are capable of 
measuring blood alcohol concentration (BAC) or 
Breath Alcohol Concentration (BrAC) and to support 
the creation and testing of prototypes and subsequent 
hardware that could be installed in vehicles.  

Since the program’s inception it has been clearly 
understood that for in-vehicle alcohol detection 
technologies to be acceptable for use among drivers, 
many of whom do not drink and drive, they must be 
seamless with the driving task, they must be non-
intrusive, that is, accurate, fast, reliable, durable, and 
require little or no maintenance.  To that end, the 
DADSS program is developing non-intrusive 
technologies that could prevent the vehicle from 
being driven when the device registers that the 
driver’s blood alcohol concentration (BAC) exceeds 
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the legal limit (currently 0.08 percent throughout the 
United States).  

To achieve these challenging technology goals, very 
stringent performance specifications are required.    
These specifications have been formally documented 
in the DADSS Performance Specifications, which 
provide a template to guide the overall research 
effort.  Another important challenge will be to ensure 
that the driving public will accept in-vehicle alcohol 
detection technology once it meets the stringent 
criteria for in-vehicle use.  A parallel effort is 
underway to engage the driving public in discussions 
about the technologies being researched so that their 
feedback can be incorporated into the DADSS 
Performance Specifications as early as possible.  The 
challenges to meet these requirements are 
considerable, but the potential life-saving benefits are 
significant.  An analysis of NHTSA’s Fatality 
Analysis Reporting System (FARS) estimates that if 
driver BACs were no greater than 0.08 percent, 7,082 
of the 10,228 alcohol–impaired road user fatalities 
occurring in 2010 would have been prevented. 

The research effort that comprised the Initial 
Cooperative Agreement followed a phased process. 
The five-year Initial Cooperative Agreement began 
with a comprehensive review of emerging and 
existing state-of-the-art technologies for alcohol 
detection in order to identify promising technologies.  
Phase I, completed in early 2011, focused on the 
creation of proof-of-principle prototypes.  The 
objective of Phase I was to determine whether there 
were any promising technologies on the horizon.  
Three prototypes were delivered and tested at the 
DADSS laboratory that yielded promising results for 
two of the three technologies.  

The Phase II effort, begun in late 2011 and completed 
in late 2013, focused on the continued research of the 
technology to narrow gaps in performance against the 
DADSS Performance Specifications and meet the 
DADSS Performance Specifications within the needs 
of an in-vehicle environment.   

Phase III and subsequent phases of research – the 
focus of the current Cooperative Agreement – will 
permit further refinement of the technology and test 
instruments as well as basic and applied research to 
understand human interaction with the sensors both 
physiologically and ergonomically – that is how these 
technologies might operate in a vehicle environment.  
At the culmination of this Agreement will be a device 
or devices that will allow a determination to be made 
regarding whether the DADSS technologies can 
ultimately be commercialized.  If it is determined that 
one or more of these technologies can be 
commercialized, it is currently anticipated that the 

private sector will engage in additional product 
development and integration into motor vehicles. 

The purpose of this paper is to provide a status 
update on the following key DADSS program areas: 

• Touch-based DADSS subsystem research 
• Breath-based DADSS subsystem research 
• Research vehicle integration 
• Standard Calibartation Devices 
• Human Subjects Testing 

PROGRAM PROGRESS 

TruTouch Touch-Based Subsystem 

The touch-based subsystem, developbed by TuTouch 
Technologies, uses near-infrared (NIR) spectrometry, 
a noninvasive approach that utilizes the near infrared 
region of the electromagnetic spectrum (from about 
0.7 µm to 2.5 µm) to measure substances of interest 
in bodily tissue (Ferguson et. al., 2010).  NIR 
spectroscopy is the science that characterizes the 
transfer of electromagnetic energy to vibrational 
energy in molecular bonds, referred to as absorption, 
which occurs when NIR light interacts with matter.  
Most molecules absorb infrared electromagnetic 
energy in this manner.  The specific structure of a 
molecule dictates the energy levels, and therefore the 
wavelengths, at which electromagnetic energy will be 
transferred. As a result, the absorbance spectrum of 
each molecular species is unique.  Better-known 
applications include use in medical diagnosis of 
blood oxygen and blood sugar, but devices have been 
developed more recently that can measure alcohol in 
tissue (Ridder et al., 2005).    

Although the entire NIR spectrum spans the 
wavelengths from 0.7 – 2.5 µm, TruTouch has 
determined that the 1.25-2.5 µm portion provides the 
highest sensitivity and selectivity for alcohol 
measurement.  The 0.7-1.25 µm portion of the NIR is 
limited by the presence of skin pigments such as 
melanin that can create large differences among 
people, particularly of different ethnicities.  In 
contrast, the longer wavelength portion of the NIR, 
from 1.25-2.5 µm, is virtually unaffected by skin 
pigment (Anderson et al., 1981).  One other 
advantage of using this part of the spectrum is that 
the alcohol signal in the 1.25-2.5 µm region is 
hundreds of times stronger than the signal in the 0.7-
1.25 µm part of the NIR.   

For the 1st generation prototype, as shown in Figure 
1, the measurement begins by illuminating the user’s 
skin with NIR light which propagates into the tissue 
(the skin has to be in contact with the device).  A 
portion of the light is diffusely reflected back to the 
skin’s surface and collected by an optical touch pad. 
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The light contains information on the unique 
chemical information and tissue structure of the user. 
This light is analyzed to determine the alcohol 
concentration and, when applicable, verify the 
identity of the user.  Because of the complex nature 
of tissue composition, the challenge is to measure the 
concentration of alcohol (sensitivity) while ignoring 
all the other interfering analytes or signals 
(selectivity). 

 

 
Figure 1. Touch-based subsystem 1st 

generation(top) and solid-state laser spectrometer 
(bottom) approach 

Development of the touch-based sensor for in-vehicle 
use required a shift from a bulky spectrometer engine 
with moving parts to a fully solid-state laser 
spectrometer. This new approach, shown in Figure 1, 
required extensive hardware and software research, 
the aims of which are to transform the touch-based 
sensor to improve suitability for long-term in-vehicle 
use and to improve the signal to noise ratio for better 
accuracy, precision, and shorter measurement times. 
The key enabling innovation is the ability to define 
an optimized subset of optical wavelengths which 
provide a high quality non-invasive alcohol 
measurement in humans. Therefore the new approach 
required the use of modulated laser diodes to 
generate 40 unique wavelengths of light for alcohol 
measurement. The necessary laser diode target 
specifications were derived from an analysis of the 
human subject system data with accurate comparative 
reference data.  

The 2nd generation prototype required a re-design of 
the electronics, fiber-optical assembly, reference, 
touchpad and software controls to approach the 
necessary environmental and durability requirements 
for an automotive sensor device. The prototype was 
used as a development platform to verify the 

feasibility of using solid-state laser spectrometer. The 
3rd generation prototype focused on validating the 
new system architecture through the use of 40 single 
laser packages to interrogate the 40 required 
wavelengths. The 4th generation is the first 
implementaion of the 4 multi-laser butterfly packages 
that interoggate the 40 wavelenght required. Each 
multi-laser butterfly package includes 10 laser diodes 
at 10 unique wavelengths. The prototype was 
integrated into the DADSS research vehicle for 
testing and evaluation. Initial testing showed 
promising performance and provided insights for 
improvements being implemented in the design of the 
5th generation prototype. These improvements will 
allow for significant reduction in the number of 
required laser diodes and therefore in overall sensor 
design, power consumption, size, and eventually, 
cost.  Figure 2 shows evolution of the various 
generations of touch-based subsystem. 

  
 Figure 2. Evolution of solid state touch-based 

DADSS subsystem 

Autoliv Breath–Based Subsystem 

Current breath-based alcohol measurement 
techniques require direct access to undiluted deep-
lung air, and therefore employ a mouthpiece.  The 
challenge in measuring alcohol in breath within the 
vehicle cabin is that the breath is diluted with the 
cabin air.  The breath-based subsystem developed by 
Autoliv and it’s partners Hök Instruments AB, and 
SenseAir AB, uses a non-contact method to measure 
alcohol in breath. The measuring principle of the 
sensor is to use measurements of expired carbon 
dioxide (CO2) as an indication of the degree of 
dilution of the alcohol concentration in expired air.  
Normal concentration of CO2 in ambient air is 
approximately 400 parts per million or 0.04%.  
Furthermore, CO2 concentration in alveolar air is 
both known and predictable, and remarkably 
constant.  Thus, by measuring CO2 and alcohol at the 
same point, the degree of dilution can be 
compensated for using a mathematical algorithm.  
The ratio between the measured concentrations of 
CO2 and alcohol, together with the known value of 
CO2 in alveolar air, can provide the alveolar air 
alcohol concentration.   

1st Generation
Mark	1

Proof-of-Principle
Non-Automotive	Applications

50%	Increase	In	Size	From	1st
Generation

Single	Laser	Packages
Automotive	Application

Proof-of-concept

2nd Generation
Mark	2

3rd Generation
Mark	2A

27%	Decrease	In	Size	From	
1st Generation

Multi-Lasers	packages
Automotive	Application

Proof-of-concept

65%	Decrease	In	Size	
From	1st Generation
Multi-Lasers	packages
Integrated	into	DADSS	

Research	Vehicle

5th Generation
Mark	3

93%	Decrease	In	Size	
From	1st Generation
Multi-Lasers	packages
Integrated	into	DADSS	
Field	Operational	Test	

Vehicles

4th Generation
Mark	2B
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Figure 3. Breath-based sensor block diagram 

The sensor technology under development by Autoliv 
and its partners uses infrared (IR) spectroscopy, 
which is superior to conventional fuel-cell devices in 
two ways.  The IR-based sensors can be stable over 
the full product lifetime, eliminating the need for 
recurrent calibrations.  Furthermore, the IR sensor is 
not as sensitive as the fuel-cell to major variations in 
ambient temperature. The 1st generation prototype 
used a patented optical device in which multiple 
reflections of the IR beam within a closed space 
enables the calculation of alcohol concentration with 
high resolution.  The expired breath from the driver is 
drawn into the optical module through the breathing 
cup.  Once in the chamber, IR light is emitted from a 
light source and reflected by mirrors to increase the 
overall length of the IR optical path as shown in 
Figure 3, thus increasing the prototype’s resolution.  
Detectors in the module then measure the ethanol and 
CO2 concentrations.   

The 2nd generation sensor underwent incremental 
improvement that primarily involved a change in 
material composition of the sensor optical housing as 
well as significant improvements in mirror 
fabrication, coating, and integrated heaters designed 
to improve startup time, accuracy and precision. 
Significant progress was made in the 2nd generation 
with improvement to the startup time, dynamic 
accuracy and measurement performance at very low 
temperatures. The sensor underwent a series of 
Verification and Validation (V&V) tests as per the 
DADSS Performance Specification. The results from 
the V&V tests showed that while there was no 
observed degradation or aging after these tests which 
simulated a vehicle life time of fifteen year, the 2nd 
generation sensor experienced a degradation in 
performance at low tempertures. 

The 3rd generation sensor continued with the 
incremental improvement through a complete re-

design to increase resolution for passive sensing, 
reduce the overall size, and obtain improved 
performance over the full temperature range of -40°C 
to +85°C as specified by the DADSS Performance 
Specifications. A major improvement of 3rd 
generation was the optical module configuration in 
which ethanol detection takes place over the full 
length, whereas CO2 is detected cross-wise. With this 
configuration no systematic timing difference 
between the two signals is experienced thus enabling 
the possibility of passive in-vehicle sensing. The 
sensor was adapted for installation in the DADSS 
research vehicles in two different positions: above the 
steering column and in the driver’s door panel.  The 
different positions improved understanding of the 
impact of cabin air flow and the driver’s position on 
alcohol measurements.  The current implementation 
of the sensors requires a directed breath although 
work is currently progressing towards the 
implementation of algorithm updates to support fully 
passive detection and quantification of ethanol. 

 
Figure 4. Evolution of Breath-based DADSS Sensor 

DADSS	Reseach	Vehicle	

The	program continued research into the DADSS 
technologies and test instruments as well as basic and 
applied research to understand human interaction 
with the DADSS sensors both physiologically and 
ergonomically – that is, how these technologies 
might operate in a vehicle environment.  Prototypes 
from this phase were integrated	into	a	research	
concept	vehicle,	the	DADSS	X2	shown	in	Figure 5,	
Figure 6,	Figure 7,	Figure 8,	and	Figure 9	The	X2	
research	vehicle	is	used	as	development	and	
verification	platforms	of	the	Pilot Field Operational 
Tests (PFOT) of vehicles intended to evaluate the 
DADSS prototypes long term performance and 
understand the driver's behavior in a naturalistic 
setting. 

The DADSS team developed an instrumentation 
package used to assess whether the vehicles 
integrated with the DADSS sensors and 
instrumentation perform as intended and to identify 
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areas for system improvement with the objective to 
ensure system repeatability, robustness and readiness 
for field operational testing.  

 
Figure 5. DADSS X2 Research Concept Vehicle 

	
Figure 6. DADSS X2 interior with steering column 
breath-based sensor (top left), touch-based sensor 

(bottom right), and control monitor (top left) 

 
Figure 7. 3rd Generation breath-based sensor 

integrated into DADSS X2 research vehicle steering 
column (left) and driver door panel (right) 

 
Figure 8. 4th Generation touch-based sensor 

integrated in the DADSS X2 research vehicle center 
stack 

                                                             
1	Where	SE	is	an	indication	of	the	accuracy	
conformity	of	the	measured	(or	calculated)	
quantity	to	the	actual	(true)	value	and	SD	is	an	

 
Figure 9. DADSS X2 Instrumentation located in the 

vehicle trunk  

Standard Calibration Devices (SCD) 

As part of DADSS program, standard calibration 
devices were developed to assess and document the 
accuracy and precision of the various generations 
ofprototypes. Two different SCDs were developed 
for; one for the breath-based prototypes, and one for 
the touch-based prototypes. There are two aspects 
that needed to be addressed. First, sample sources of 
simulated “breath” and “tissue” were developed to 
provide a calibrated and consistent ethanol 
concentration in vapor and/or liquid to the 
prototypes. In order to determine whether the 
prototypes met the DADSS Performance 
Specifications accuracy (systematic error) and 
precision (standard deviation) these sample sources 
of breath and tissue had to exceed these 
specifications by an order of magnitude1. The second 
requirement necessitated the development of delivery 
methods so that the targeted samples could be 
effectively delivered to the prototypes. A more 
extensive review of SCDs development is provided 
by Zaouk et. al. (2015). 

An SCD qualification and verification process was 
developed to document that the breath and touch 
(tissue) sample performance meet the requisite 
performance specifications. This effort first focused 
on reducing the variability in the SCDs – once the 
measurement standard deviations met and exceeded 
the DADSS performance specifications, the system 
can be calibrated to the best available standards to 
determine accuracy. Initially, components of the 
breath and tissue SCD were measured with a Gas 
Chromatograph (GC) using a Flame Ionization 
Detector (FID) to verify that the critical precision 
requirements were achieved.    The GC-FID system 
underwent numerous tests and incremental 
improvements to reduce the variability of the gas 
delivery system for the breath-based SCDs. Once the 
optimal operating conditions were identified, the dry 

indication	of	the	precision	of	the	measurement’s	
degree	of	mutual	agreement	among	a	series	of	
individual	measurements	or	values.	
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and wet gases were then measured using the 
improved system shown in Figure 10.  

 
Figure 10. GC system used to measure ethanol gas 

The GC-FID system was optimized for dry gas (0% 
humidity). However, introducing humidified gas 
revealed unexpected weaknesses in the system. The 
water in the gas stream would increase measurement 
variability due to the nature of the GC-FID’s ability 
to separate water. 

This initiated a comprehensive study of the state-of-
the-art technologies currently available from over a 
dozen manufacturers across the globe using different 
chemical properties to quantitate and identify the 
components in the breath and tissue SCDs. The 
manufacturers conducted experiments with provided 
samples to demonstrate the capabilities of their 
products. The following instruments achieved the 
requirements were selected for use on the DADSS 
program: 

Touch-Based SCD Verification: An Ultra 
Performance Liquid Chromatography (UPLC) with 
three detectors – Refractive Index (RI) to quantitate 
ethanol, Photo Diode Array (PDA) to quantitate non-
ethanol reagents in the tissue SCD, and a mass 
spectrometer for identification of the non-ethanol 
reagents in the tissue-SCD. Identification of the 
liquid ethanol in the tissue SCD is performed by a 
versatile benchtop FT-IR. Figure 11 shows the 
Waters Acquity UPLC and ThermoFisher Scientific 
Nicolet FTIR. The RI detector has demonstrated its 
ability to precisely quantitate NIST certified ethanol 
in water aliquots at the DADSS performance 
specification.  

 
Figure 11. FTIR and UPLC used for verification of 

the tissue-based SCDs 

Breath-Based SCD Verification: A Fourier 
Transform Infrared (FT-IR) spectroscopy instrument 
specifically designed for gasses manufactured by 
MKS is the primary measurement device to 
quantitate and identify ethanol, CO2, and H2O in the 
breath-based SCDs.  Figure 13 is a photo of the 
current MKS MultiGas 2030 FTIR in the DADSS 
laboratory. Measurements of dry gas cylinders and 
humidified gases yielded significant precision 
improvements over the GC-FID without optimization 
of the gas sample delivery system. Figure 12 is a plot 
of recent measruements of a dry gas cylinder.  The 
precision for the 105 samples collected over 25 
minutes was 0.00006 %BrAC, well below the 
DADSS Performance Specification. The MKS 
instrument also provides identification of the 
components in the gases – the GC-FID is not capable 
of identification.  This enables detection of 
contaminates that may be present in the breath SCDs. 
  

 
Figure 12: Preliminary Dry Gas measurments using 

MKS FT-IR 
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Figure 13. FTIR used for verification of the breath-

based SCDs 

An instruments ability to quantitate is limited by the 
solutions used to generate the calibration curves to 
correlate the measured signal with concentrations. 
Since no current standards exist for both gas an liquid 
ethanol from the National Institute of Standards and 
Technology (NIST), the focus of the next stesps is on 
the development of highly accurate and precise 
calibration curves. For tissue SCDs, this will be 
achieved using highly accurate scales, along with a 
density meter withat ll provide accurate ethanol/water 
solutions.  For breath SCDs, it will be achieved using 
using a Binary Gas Analyzer (BGA), which measures 
the differences in the speed of sound between two gas 
mixtures.  The BGA will assign ethanol 
concentrations to ethanol/N2 gas mixtures of different 
concentrations, which will be used to generate a new, 
more accurate, multi-point calibration curve for the 
MKS FT-IR.  

Human Subject Testing 
Human subject testing is a critical part of 
understanding how the DADSS sensors will perform 
in the real world when confronted with large 
individual variations in the absorption, distribution, 
and elimination of alcohol in the various 
compartments within the human body (blood, breath, 
tissue) over the myriad factors that can affect BAC.  
There has been extensive research to understand 
these relationships with respect to venous (blood) 
alcohol and breath alcohol when samples of deep 
lung air are used.  However, the new measurement 
methods being researched as part of the DADSS 
program that determine alcohol levels from diluted 
breath samples and within human tissue are not well 
understood. In particular, the rate of distribution of 

alcohol throughout the various compartments of the 
body under a variety of scenarios requires further 
study. 

The purpose of human subject testing is: 

• To quantify the rate of distribution of 
alcohol throughout the various 
compartments of the body (blood, breath, 
tissue) under a variety of scenarios.  
Particular attention will be paid to the less 
well-known kinetics of tissue alcohol. 

• To quantify alcohol absorption and 
elimination curves among a wide cross 
section of individuals of different ages, body 
mass index (BMI), race/ethnicity, and sex 
using the different scenarios 

Significant progress was achieved in conducting 
human subject testing at the DADSS Satellite Lab at 
McLean Hospital in Belmont, MA (See Figure 14).  
Data was collected during five developed scenarios in 
an effort to quantify alcohol absorption and 
elimination. The set screnarios explore a variety of 
conditions that are designed to mimic real-life 
situations.  The five scenarios are as follows: 

• Lag time to appearance of alcohol in three 
compartments: blood, breath, or tissue.  The 
aim of this scenario is to determine the lag 
time to first appearance of alcohol in each of 
the three compartments.  One of the most 
basic question to answer is in which 
compartment (blood, breath or tissue) will 
alcohol first appear after consuming a bolus 
dose of alcohol. This information is critical 
to calibrating any temporal offsets and 
setting the timing of how the two prototypes 
will be implemented in the vehicle. 

• Social drinking over extended period of 
time.  The aim of this scenario is to 
determine the profile of alcohol 
pharmacokinetics during a very common 
pattern of drinking, steady drinking over an 
extended time, while eating only a small 
amount of snack-type food.   

• Social drinking with a full meal. The aim of 
this scenario is to quantify the time course of 
alcohol pharmacokinetics under a variety of 
conditions that include the consumption of 
food along with alcohol. Participants will be 
exposed to a routine that is present in most 
restaurants where they will be first served 
alcohol (on an empty stomach), followed by 
appetizers and then full meal that is served 
with additional alcohol. 
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• Bolus drinking at the end of a continuous, 
steady drinking session.  This scenario is 
designed to simulate “Last Call” and will be 
conducted by having particpants drink 
several drinks at a programmed rate for a set 
period of time.  When “Last Call” is made, 
the participant consumes additional drinks.  

• Drinking during exercise. The effects of 
different intensities of exercise will be 
programmed while participants drink 
alcohol over a period of 3-4 hours. The 
exercise conditions will be manipulated to 
include light, moderate and heavy physical 
activity. This scenario will simulate dancing 
and drinking scenarios in which individuals 
consume alcoholic beverages while engaged 
in episodic bouts of physical activity.  

 

 

 

 
Figure 14. Human Subject Testing at DADSS 

Satelite Lab at McLean Hospital in Belmont MA 

Testing showed that the data collected from the 
various generations of breath-based and touch-based 
prototypes was consistent, reproducible, and 
correlated very well with the gold-standard method of 
measuring alcohol in the body—blood via gas 
chromatography. 

TECHNOLOGY & MANUFACTURING 
READINESS LEVELS  

The DADSS Program adopted a set of automotive 
metrics derived from the methodology used by the 
Department of Defense to quantify a technology’s 
commercial feasibility.  The Technology Readiness 
Level (TRL) provides an objective measure for 
assessing the maturity of a particular technology.  
TRL metrics facilitate informed decisions regarding 
investment and risk associated with technology 
development and transition to commercialization.  
Similarly, the Manufacturing Readiness Level (MRL) 
assesses the maturity of manufacturing readiness.  
These two sets of readiness levels assist all those 
engaging with the automotive sector, by providing 
specific, identifiable stages of maturity, from early 
stages of research all the way through to supply chain 
entry.  Both the TRL and the MRL are comprised of 
9 levels, 1 – 9, although the MRL is offset (delayed) 
from the TRL.  Transfer to the private sector for 
applied research and development leading potentially 
to commercialization and mass production is targeted 
to occur at a TRL equal to eight (8) and an MRL 
equal to seven (7). Figure 15 shows the DADSS 
technology and manufacturing readiness levels. 

 
Figure 15. TRL/MRL Demonstrated Commercial 

Feasibility 

Figure 16 summarizes a preliminary evaluation of the 
“readiness” of the breath–based and touch–based 
technologies determined by the DADSS team. 

 

 

 

1
• Basic	principles	observed	and	reported

2
• Technology	concept	or	application	
formulated

3
• Proof	of	concept	or	key	analytical	
characteristic

4
• Laboratory	validation	of	component	or	
breadboard

5
• Field	validation	of	component	or	
breadboard

6
• Field	demo	of	subsystem	
model/prototype

7
• System	prototype	demo	in	operational	
environment

8
• Actual	system	completed	and	qualified	
in	test	and	demo

9
• Actual	system	proved	in	successful	end-
use	operation

1
• Basic	manufacturing	 implications	
identified

2
• Application	and	validity	of	concept	
validated	and	demonstrated

3 • Experimental	proof	of	concept	completed

4 • Production	validated	in	lab	environment

5 • Basic	capability	demonstrated

6
• Process	optimized	 for	production	 rate	on	
production	 equipment

7 • Capability	and	rate	confirmed

8
• Full	production	 process	qualified	 for	full	
range	of	parts

9
• Full	production	 process	qualified	 for	full	
range	of	parts	and	full	metrics	achieved

Technology Readiness Level Manufacturing Readiness Level

TRL = 8 and MRL = 7 à Commercial Feasibility
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Figure 16. Technology and Manufacturing 

Readiness Levels by Technology Type 

These rating indicate that the breath–based 
technology research is ahead, but the touch–based 
technology lags expectations due to challenges with 
the development of the laser diodes and its associated 
supply chain, which are in the process of being 
resolved.  However, a number of technological 
challenges are ahead for the breath–based system 
relating to sampling in a vehicle cabin with the 
windows open or the air conditioning or heater on, 
which are not expected to be challenges that the 
touch–based system will need to surmount.   

CONCLUSIONS 
Significant progress has been made to identify 
DADSS technologies that have the potential to be 
used on a more widespread basis in passenger 
vehicles.  Two specific approaches have been chosen 
for further investigation; tissue spectrometry, or 
touch-based sensors, and distant/offset spectrometry, 
or breath-based sensors.  Proof-of-principle prototype 
DADSS sensors have been developed, one designed 
to remotely measure alcohol concentration in drivers’ 
breath from the ambient air in the vehicle cabin, and 
the other is designed to measure alcohol in the 
driver’s finger tissue through placement of a finger 
on the sensor.  Both sensors have been integrated into 
a research vehicle for testing and evaluation.  

Progress also has been made to develop calibration 
devices for both breath- and touch-based bench 
testing in order to measure whether the DADSS 
devices can meet the stringent criteria for accuracy 
and precision.  Unique standard calibration devices 
have been developed for both the breath- and touch-
based systems that go well beyond current alcohol-
testing specifications.   

In summary, the DADSS Program so far has 
accomplished the goals set at the onset of the 
program. 
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ABSTRACT 

Today, new types of frontal crash test are under discussed, globally. While, on December 2015, The NHTSA 

finalized a new frontal oblique impact test protocol as USNCAP, EuroNCAP still considers a new mobile frontal 

crash test protocol on 2020 with THOR dummies. 

In Korea, despite of fatality reductions, frontal collision is considered the most sever accidents due to highest 

fatality ratio. With SUV, compatibility and small overlap issues were recently discussed as new KNCAP program.  

This paper focuses on the suitable types of frontal test protocol as a new frontal crash test method on KNCAP to 

evaluate compatibility issues and integrated vehicle safety technologies through the analyses of in depth accident 

KIDAS data. Research on benefits for new safety technologies requires significant amounts of objective data 

describing both occupant injury and real road accident data configurations. 

Recently, as part of research project, a pilot KIDAS (Korea In-Depth Accident Study) has been started to collect the 

detailed accident data. In this study, a total 258 cases of the frontal collisions were identified and analyzed.  

The study provides new insights to identify the patterns of the frontal collision accidents. Currently, Frontal crash 

tests of KNCAP represent more than 50% overlap of damaged frontal structure accidents. 108 of 258 cases were 

represent both small overlap and offset of frontal crash accidents which covers 42% of all frontal accidents from 

the KIDAS. 50 vehicles were impacted either 11 or 01 o'clock PDOF directions. From the KIDAS, 19% of all frontal 

impact were angled small overlap crash accidents. The majority of frontal damaged patterns were full-wrap type 

collisions. From the offset collisions, 33% of injury was scored MAIS 3+ severity. Updating offset test procedure 

will be needed to enhancement of frontal crash program of KNCAP. 

 

INTRODUCTION 

 

Frontal crash is still the most relevant accident in terms 

of injury causation [1]. While the stability of passenger 

compartments has been improved significantly recent 

years, the performance of the advanced restraint 

system becomes now even more important [2]. 

Vehicle frontal impact crashworthiness is assessed by 

dynamic vehicle-into-barrier crash tests. These tests 

have typically employed full-wrap rigid barriers, e.g., 

US-NCAP, KNCAP, JNCAP and C-NCAP with 56kph 

impact speed or 40% frontal overlap deformable 

barriers, e.g., IIHS, Euro NCAP, KNCAP, JNCAP, C-NCAP 

and other NCAPs. Since the implementation of these 

tests, substantial improvements in test performance 

have been reported. Recently, the most of domestic  

 

 

tested vehicles achieving five stars in KNCAP both in 

full-overlap and offset frontal tests.  

US-NCAP increased from less than 30% in 1979 to 

greater than 98% in 2007 [3]. Vehicles rated “good” by 

IIHS have increased from less than 50% in 1995 to 91% 

in 2009 [4]. Following improvements in these 

configurations, the small overlap impact (SOI) has 

emerged recently as a prominent cause of frontal 

crash injury and death, even with belt and airbag 

restraints [5]. Contrasted with large overlap impacts 

(LOI), SOI crashes are characterized by vehicle 

deformations which fail to engage longitudinal 

structures intended to absorb crash energy. These 

impacts have been difficult to define in existing motor 
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vehicle crash databases.  

In the traditional restraint system test, the vehicle is 

crashed between 50 and 56 km/h speeds against the 

rigid wall independent of the vehicle mass. This test 

procedure used in many countries all over the world. 

In real-world car-to-car impacts a light vehicle is more 

likely to be hit by a heavier vehicle and due to the 

principle of conservation of momentum, the lighter of 

the two vehicles has to withstand higher loading than 

the heavier vehicle. Higher loading not only affects 

passenger compartment structural integrity, but also 

vehicle body acceleration as the lighter of the 

opponents suffer from a greater change of velocity 

(delta-v) due to the conservation of momentum. A test 

with a frontal mobile barrier would reflect these 

circumstances and was discussed several times in the 

past [6], [7] and [8]. In Europe, the accident studies 

reveal that many injuries are caused by high vehicle 

acceleration in frontal impacts compared to injuries 

caused by intrusions into the passenger compartment 

[2]. It was also stated that the accidents with 

acceleration loading induced injuries had a high 

overlap. The crash tests with a high overlap seem to 

have a higher priority in Europe [15]. 

However, in US, the crash tests with a small overlap at 

the corner of the vehicle has been conducted in both 

NHTSA and IIHS as parts of NCAP programs [6, 12–14]. 

 

KNCAP FRONTAL IMPACT PERFORMANCES 

 

As stated in the previous page, KNCAP has two 

different frontal impact tests. First, introduced in 1998, 

the full wrap frontal impact test was performed at the 

velocity of 56 km/h with two H3 50%tile dummies. In 

2014, the passenger seated dummy was changed to 

5%tile female H3.  

From 2017, driver seated dummy will also be changed 

to 5%tile female dummy to protect female driver. The 

performance of the vehicle safety is evaluated by the 

injury rate, possibility of the door opening during the 

test, the door opening ability after the test and the fuel 

leakage. The vehicle performance is evaluated with 5 

star rating system with maximum 16 points.   

 

 

Figure 1. KNCAP full-wrap frontal test configuration 

 

In 2009, the offset frontal impact test was adopted to 

reducing real-road fatality with 64 km/h impact speed 

toward to 40% overlapped deformable barrier with 

two 50%tile H3 dummies.  

In 2017, the test protocol will be updated with Q series 

child dummies (Q6 and Q10) that were seated rear 

seats. The evaluation is similar to full-wrap test except 

injury criteria for male and child dummies.    

 

 
Figure 2. KNCAP 40% offset frontal test configuration 

 

The following table (Table 1) show that recent years 

vehicle safety performances. In KNCAP, each individual 

test is rated 5 star rating system with points. Then the 

overall rating of vehicle safety is calculated based on 

the passive safety and active safety scores. The 

weighting factor for the passive safety (frontal, side, 

pedestrian) is 60%.  
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Figure 3. KNCAP overall safety performances 

 

 MACROSCOPIC POLICE ACCIDENT DATA  

 

Despite of a numerous efforts of enhancement of 

vehicle safety performances both regulatory bodies 

and industries, there is still accidents and fatality on 

the road. From police car-to-car accident classification, 

there are 4 different collision categories with unknown 

type. They categorized only head-on, 90 degrees side 

impact, moving vehicle rear-end collision and 

stationed vehicle rear-end collision types. According to 

police classification of accident types, for example, at 

the crossroad, while vehicle 1 is traveling it’s forward 

driving direction, vehicle 2 may appear from corner. If 

accident cannot avoid, vehicle 1 can be defined “side 

impacted vehicle” and vehicle 2 is “front impact 

vehicle”. But, in police classification, it is an accident 

defined as side impact accident. All fatalities and 

injuries involved in this accident was counted as side 

impact victims.  

From 2012-2015 police accident data, fatalities and 

injuries from vehicle to vehicle accidents were 7,937 

and 1,099,775 respectively. The ratio of fatalities and 

injury from side collisions were 32% and 37%, 

respectively. Vehicle to vehicle frontal collision type 

fatalities were only 1,223 during the 4 year periods 

and the portion was 15.4%. Injuries ratio from frontal 

collision was 5.7%. 

 

Table 1. 2012-2015 National police data 

 
 

When road construction authority or traffic 

management agency planed solve the road traffic 

situations, there may be some advantages using police 

classification of accident. However, for vehicle safety 

enhancement views, it is very difficult classify the 

issues of safety systems as well as mechanics of 

injuries.  

 

ANALYSIS OF FRONATL COLLISIONS IN KIDAS 

 

An objective of this study was to examine collision and 

injury patterns of frontal crashed based on KIDAS data. 

From the results of current works, it is intension to the 

further consideration of KNCAP roadmap to protect 

from frontal collisions.  

As part of research project, KIDAS (Korea In-Depth 

Accident Study) has been started to collect the 

detailed accident data. From three different regional 

areas, in-depth accident data has been collected since 

2012. 

In this study, a total 251 cases of the frontal collisions 

were identified and analyzed based on the data collect 

from 2014 to 2016. Collected cases were classified SAE 

J224 Collision Deformation Classification 

(CDC) codes (Figure 4).  

 

 

Figure 4. CDC code column 4 for horizontal damage 

codes for frontal crashes 
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From KIDAS (2014 - 2016), the total 419 cases of 

accident can be divided by frontal, side, rollover and 

rear-end collision types classified by vehicle’s damage 

CDC code. As shown in Figure 5, the frontal collision is 

the most frequent type of accident. The portion of 

frontal collision was 64% of all collected accidents 

except pedestrian involved accidents.  

 

 

Figure 5. Distributions of collision types in KIDAS 

(2014-2016) 

 

From 270 cases, 12 cases were excluded due to missing 

information, such as vehicle information, injury 

severity, and injured body part etc. Therefore, the total 

258 cases were examined as frontal collisions type 

accidents. The frontal collision was defined by 11 

o’clock, 12 o’clock and 01 o’clock direction on the 

PDOF from 1st column of CDC code.  

The damage patterns of frontal structures were 

classified by 4th column of CDC code. The small overlap 

(less than 40% of frontal structure damaged in 

horizontal direction) was extracted from 11 o’clock or 

01 o’clock PDOF with L or R code on CDC code (4th 

column).  

The full-wrap frontal collision was defined when PDOF 

was 12 o’clock with D code. The offset collision was 

defined with 11 o’clock, 12 o’clock or 01 o’clock with Y 

or Z code. The small overlap cases were 50 cases (01 

o’clock 13 cases, 11 o’clock 37 cases). The full-wrap 

collision was 150 cases and the offset collision was 58 

cases as shown in Figure 6.  

From analysis of injured occupants, information of 190 

patients was acceptable from 258 cases of frontal 

collision accidents. Each accident was analyzed with 

the injury severity and patient's physical conditions to 

compare the severity of the accident based on delta v 

with variables of age, gender, weight and height of the 

patient. 

 
Figure 6. Distributions of Frontal collision types in 

KIDAS (2014-2016) 

 

The average delta v was 22.12km/h and the average 

injury severity (MAIS) was 1.93. Among 3 different 

types of frontal collisions, the offset type frontal 

collision experienced the highest delta v (31.45km/h). 

Since offset case was the higher delta v, the injury 

severity was also higher than two other types of 

collisions. In the offset collision case, the average score 

of MAIS was 2.07. For the small overlap case, there 

was no significant meaning in both delta v and injury 

severity.  

 

Table 2.  Comparisons of average Delta V and MAIS in 

frontal collisions (KIDAS)  

 
 

As shown in Table 3, the injured body part and severity 

were compared with different frontal collision types. 

Compared with overall average injury severity, the 

injury of spine and upper extremities were higher than 

average AIS scores when occupants involved small 

overlap type accidents. Especially, the spine injury 

score (average AIS 2.83) was oddly higher than other 

crash types. There was no evidence of sever head or 

lower extremities injury due to angled frontal impact. 

This shows that there was no indication of fail of 
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contact to deployed airbag or a large intrusion of 

compartment. While IIHS’s assessment for small 

overlap protocol focuses injury of head, neck, chest, 

hip, thigh and lower extremities, however, there are 

no significant indications of these severities.  

 

Table 3.  Comparisons of injured body and severity in 

frontal collisions (KIDAS)  

 

 

In KIDAS, the physical body size of average of injured 
patients during the frontal collisions was less than the 
size of 50%tile H3 dummy. For the small overlap 
accident cases, the average victim’s age was 40 years 
old with 168 cm standing height, and 69 kg body 
weight. This smaller size than western standard may 
influenced injury patterns during the frontal crash 
accidents.  

 
Table 4.  Physical size of patients in frontal collisions 

(KIDAS) 

 

 

The maximum severity of injured patients in KIDAS was 

shown in Table 5. The average MAIS 3+ severity from 

frontal collisions was 24.8%, while the small overlap 

type was similar to the average MAIS 3+ score. 

However, the offset and full-wrap type frontal 

collisions were much higher than the average scores. 

Two types of cases, the severity of MAIS 3+ was 33%. 

This indicates that when these two types of accidents 

occurs, the probability of severely injury is about 1/3.  

 

Table 5.  Comparisons of MAIS +3 caused by three 

different types of frontal accidents in KIDAS 

 

   

CONCLUSIONS 

In this study, three different types of frontal collisions 

were classified as small overlap, offset and full-wrap 

frontal crash accidents. KIDAS couldn’t represent 

national accident scenario due to no detailed 

classification of police accidents.  

The limitation of this study is only based on the 

collection of accident data from three different local 

areas, which represent a typical mid-size city with 

having highways, main national roads and regional 

roads with city roads.  

 

1. From KIDAS, unlike police data, the frontal 

collisions is majority types of vehicle accident.   

In terms of vehicle occupants, more than 64% 

of accidents were involved crashed frontal 

structural of vehicles excluding pedestrian 

accidents.  

2. Among these frontal collisions, the portion of 

full-wrap type accidents represents more 

than 50% of all frontal collisions. The offset 

type shows 23% and 20% for small overlap 

type frontal collisions.  

3. There was no evidence of severe head and 

lower extremities injury during the small 

overlap collisions. In addition, the severity of 

injury was not higher than overall average of 

frontal collisions. The most severely injured 

patients was from either offset or full-wrap 

type accidents. 

4. In terms of probability of MAIS 3+ severity, 

the offset type accidents is one of candidate 

of enhancing frontal crash programs.   

 

From this study, it is recommended to further 

investigation of frontal collision to update the current 
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KNCAP frontal crash programs. In order to global 

acceptance or harmonization of KNCAP protocol, it is 

needed to further communications with other NCAP 

agencies.  
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ABSTRACT 
 
Honda has a long history of studying Car-to-Car frontal collisions as a part of our real world crash safety research. 
This research led to the original Advanced Compatibility Engineering (ACE) frame, first introduced at ESV 2003. 
ACE was developed for the purpose of improving compatibility performance and has been widely applied to 
Honda’s mass production vehicles. Since Honda’s original Car-to-Car testing, the Moving Progressive Deformable 
Barrier (MPDB) test has been examined as a possible test to represent the behavior of Car-to-Car frontal collisions. 
However, the research about the similarity of MPDB test to an actual Car-to-Car crash mode is quite limited. The 
objective of this study is to evaluate MPDB test method by comparing results from MPDB tests to actual Car-to-Car 
crash tests. These results are used to propose improvements in MPDB test condition for improving the ability of the 
MPDB to reproduce an actual Car-to-Car crash.
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INTRODUCTION 

Today, offset deformable barrier tests and flat rigid 
barrier tests are being used to evaluate crash safety in 
frontal collisions throughout Europe and in nations 
including the US and Japan. However, because the 
initial energy in these test methods is determined by 
the subject vehicle’s own mass and speed, they do 
not provide adequate evaluation of safety in the event 
of a collision with a heavier vehicle. 
In order to address this issue, Frontal Impact and 
Compatibility Assessment Research (FIMCAR) [1] 
has been advanced as a means of evaluating front-to-
front compatibility. In addition, Allgemeiner 
Deutscher Automobil-Club e.V. (ADAC) has 
advanced research based on these studies, and Car-to-
MPDB tests will be introduced to the Euro-NCAP. 
However, while studies have been conducted on the 
ability of these methods to reproduce Car-to-Car 
collisions, they only examined smaller vehicles[2]. 
Figures 1, 2 and 3 respectively show the test method 
currently being used by ADAC and the 
characteristics of Progressive Deformable Barriers 
(PDB).  
 

 
Figure 1. ADAC proposal test condition. 
 

 
Figure 2. Dimension of PDB. 

 

 

 
Figure 3. PDB characteristics. 

 
Honda began conducting compatibility research in 
1999. From this compatibility research, the company 
has developed an Advanced Compatibility 
Engineering (ACE) structure, the intention of which 
is to reduce aggressiveness and increase self-
protection performance for small cars in Car-to-Car 
collisions. Honda has applied the ACE structure to 
several mass-production vehicles [3]. 

 
Figure 4. Advanced Compatibility Engineering 
Structure. 
 
ADAC currently recommends a weight of 1400 kg 
for MPDB. Following Honda’s own internal 
standard, Honda conducts Car-to-Car crush tests with 
mid-size sedans (approximately 1750 kg) for models 
the size of a small sedan and smaller. 

 
Figure 5. Car-to-Car crash test between Kei car 
and mid-size sedan. 
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According to the Crashworthiness Data 
System(CDS)[4], which compiles samples of 
accident data for USA, the use of 1750 kg as the 
weight of the partner vehicle makes it possible to 
cover 60% of AIS3+ injuries in Car-to-Car frontal 
collisions. 

 
Figure 6. Weight of partner vehicle in Car-to-Car 
collisions resulting in AIS3+level injuries in the 
US (2000-2013). 
 
Against the background described above, the research 
discussed in this paper focused on the realization of 
increased self-protection performance, and examined 
the ability of Car-to-MPDB tests with an MPDB of 
1750 kg to reproduce Car-to-Car crashes using 
simulation. 
 
COMPARISON WITH SIMULATAION AND 
ACTUAL TEST 

The research under discussion employed LS-
DYNA models in conducting simulation studies. 
Figures 7, 8, and Table 9 compare the results of an 
actual Car-to-MPDB test with the results of a 
simulation using a corresponding FEM model. The 
results demonstrated that the simulation was able 
to reproduce the vehicle’s deceleration 
characteristic and the deformation of the 
honeycomb, indicating no issues in relation to the 
accuracy of the simulation.  

Figure 7. Vehicle body deceleration. 

 
Figure 8. Vehicle body velocity. 
 

Table 1. 
Occupant Load Criterion (OLC) [5] comparison 

 Test Simulation 
OLC 38.0 39.4 

  

 
Figure 9. PDB deformation following test (Left: 
Actual vehicle test: Right: Simulation). 
 
STUDY OF PDB GROUND CLEARNACE 

The research commenced by studying the ground 
clearance of the lower surface of the honeycomb. 
The lower sections of cars are sometimes fitted 
with frames that act as load-distributing structures 
in a crash (Figure 10), and this also affects the 
partner vehicle in Car-to-Car crashes. 
 

 
Figure 10. Frames on lower sections of cars and 
their ground clearance. 

 
Figure 11 shows the results of varying the ground 
clearance of the PDB from 125 mm, to 190 mm, to 
300 mm. 
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Figure 11. Ground clearance and lower frame 
deformation following crash. 

 
When the ground clearance of the lower surface of 
the honeycomb is 190 mm and 300 mm, the lower 
frame passes under the honeycomb, and because of 
this the simulation is not able to reproduce the 
same situation as a Car-to-Car crash. In order to 
reproduce the action of lower frame, the ground 
clearance of lower surface of honeycomb was 
therefore set at 125 mm. 
  
COMPARISON BETWEEN CAR-TO-CAR 
AND CAR-TO-MPDB 

Next, Car-to-Car and Car-to-MPDB were 
compared using a small SUV. Because the weight 
of the small SUV for the test was 1850 kg, a 
trolley weighing 1750 kg was also used for the 
MPDB (Figure 12). The results are shown in 
Figures 13, 14, 15, and Table 2. 
 

 
Figure 12. Car-to-MPDB conditions for 
comparison with Car-to-Car. 

 

 
Figure 13. Body deformation (Left: Car-to-Car, 
Right: Car-to-MPDB). 
 

 
Figure 14. Vehicle body deceleration. 
 

 
Figure 15. Vehicle body velocity. 
 

Table 2. 
OLC comparison 

 Car-to-Car Car-to-MPDB 
OLC 25.8 31.2 

 

 

 
Figure 16. Time history of Intrusion at point of 
lower extremities (Above: Left toe board, Below: 
Right toe board). 
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Table 3. 
Maximum intrusion close to lower extremities 

during crash 
 Car-to-Car Car-to-MPDB 

Right toe board 46mm 73mm 
Left toe board 84mm 88mm 

 
While the extent of deformation differed, it was 
possible to reproduce the mode of the deformation 
of side frame (Figure 13). However, body 
deceleration were considerably higher during the 
latter phase of deceleration for Car-to-MPDB 
(Figures 14, 15, and Table 2), and the degree of 
intrusion also differed (Figure 16, Table 3). 
As a result, there were differences also in the 
injury values. The figures below show waveforms 
for Head G, Chest deflection, and Tibia Index. 
 

 
Figure 17. Head G. 
 

 
Figure 18. Chest deflection. 
 

 
Figure 19. Left Tibia Index. 

 
 

Figure 20. Right Tibia Index. 
 

Chest deflection was basically reproduced, but in 
the case of Head G, which is strongly influenced 
by the deceleration characteristic, and the right 
Tibia Index, which is strongly influenced by 
intrusion at the toe board, it was not possible for 
Car-to-MPDB crashes to reproduce the results of 
Car-to-Car crashes, with the former producing 
results approximately twice as high as the latter. 
However, in the case of the left Tibia Index, for 
which vehicle intrusion was accurately reproduced, 
the injury values were also reproduced, indicating 
that it is possible to reproduce the Tibia Index by 
reproducing intrusion more accurately.  
 
CAUSES OF DIFFERENCES IN VEHICLE 
BODY CHARACTERISTICS  

Figure 21 shows the movement of the engine in 
Car-to-Car and Car-to-MPDB crashes. In the Car-
to-Car crash, the side frame alone pushes part of 
the engine through the bumper beam. Since the 
vehicle body’s main body structure members are 
located inboard of the outermost body surface, the 
amount of overlap of the engine component in Car-
to-Car crash is smaller than that in the Car-to-
MPDB crash mode. Therefore, the different 
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behavior of the engine leads to the different toe 
board intrusion.  
 

 
Figure 21. Movement of engine during crash 
 (Left: Car-to-Car, Right: Car-to-MPDB). 

 
MODIFIED PDB SHAPE  

Based on the results discussed in the previous 
section, a study was conducted in order to 
determine whether changing the shape of the PDB 
would make it possible to better reproduce Car-to-
Car crashes. The properties of front end structure 
are considered in side impact working group [6], 
[7] showing that the body stiffness in the center of 
the vehicle is less than the outer edge of the 
vehicle based on the actual vehicle investigation 
(Figure 22). However, the stiffness of the side 
crash MDB does not replicate this realistic 
stiffness distribution across the front of the barrier. 
As shown in Figure 23, the comparison between 
the engine room structure and PDB shape indicates 
that the stiffness in front of the engine is different. 
 

 
Figure 22. Vehicle front-end stiffness (weighted 
average based on 1998 car models)[6]. 
 

 
Figure 23. Comparison between engine room and 
PDB shape. 

 
Figure 24 shows the proposed shape of PDB for 
reproducing such an issue. The concept is that the 
PDB volume is decreased with the actual part 
existence. In addition, to keep the reaction force of 
the modified structure same as that of the original 
one, a stiffer honeycomb material was used, as 
indicated in Figure 25.  
 

 
Figure 24. Dimension of modified PDB 
 (Black: Base, Red: Modified shape). 
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Figure 25. Modified PDB characteristics. 
 (Black: Original, Red: Modified shape). 
 
Figures 26, 27, and Tables 4, 5 show a comparison 
of the results of a Car-to-MPDB crash using a 
model of the modified PDB shape and a Car-to-Car 
crash. While results for the Car-to-MPDB crash 
using the new shape were closer to the Car-to-Car 
results in terms of the vehicle body deceleration 
characteristic and deformation close to the left 
tibia, the divergence in the results for deformation 
close to the right tibia were greater than in the 
previous results. This was due to the fact that the 
movement of the engine in the Car-to-Car crash 
had not been fully reproduced. 
 

 
Figure 26. Vehicle body deceleration. 
 

 
Figure 27. Vehicle body velocity. 

 
Table 4. 

OLC comparison 

 Car-to-Car 
Car-to-MPDB 

(Modified shape) 
OLC 25.8 28.2 

 
Table 5. 

Maximum intrusion close to lower extremities 
during crash 

 Car-to-Car 
Car-to-MPDB 

(Modified shape) 
Right toe board 46mm 80mm 
Left toe board 84mm 75mm 

 
EFFECT OF OFFSET DISTANCE 

In general, it is known that the width of the 
structural components is smaller than the vehicle 
width, which is about 100mm and 5% of the 
vehicle width. The stiffness of PDB is uniform in 
the width direction, which might be considered as 
the main structural components, leading to the 
different loading condition between Car-to-Car and 
Car-to-MPDB crash mode, even if the offset 
overlap ratio is 50%. In this study, the offset 
overlap ratio is changed to 45% in order to 
minimize such difference as shown in Figure 28. 
The simulated deceleration and velocity time 
history shows the good agreement with Car-to-Car 
crash mode as shown in Figure 29 and 30, Table 6.  
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Figure 28. Layout comparison in Car-to-Car and 
Car-to-MPDB. 

 

 
Figure 29. Vehicle body deceleration. 
 

 
Figure 30. Vehicle body velocity. 
 

Table 6. 
OLC comparison 

 Car-to-Car 
Car-to-MPDB 

(Modified shape, 
45% overlap) 

OLC 25.8 28.5 
 
 
 
 
 
 
 

Table 7. 
Maximum intrusion close to lower extremities 

during crash 
 

Car-to-Car 
Car-to-MPDB 

(Modified shape, 
45% overlap 

Right toe board 46mm 69mm 
Left toe board 84mm 75mm 

 
The figures below show waveforms for Head G, 
Chest deflection, and Tibia Index 

 
Figure 31. Head G. 
 

 
Figure 32. Chest deflection. 
 

 
Figure 33. Left Tibia Index. 
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Figure 34. Right Tibia Index. 

 

 
Figure 35. Movement of right foot during crash. 
(Left: Car-to-Car, Right: Car-to-MPDB) 

 
Through improving the reproducibility of Car-to-
Car, not only Chest deflection but also Head G 
were reproduced. However, right Tibia Index was 
not improved the reproducibility. This is because 
the foot movement was different from Car-to-Car 
and Car-to-MPDB due to local deformation of toe 
board close to right ankle. 

 
MINI CAR VS NEW MPDB AND MINI CAR 
VS SMALL SUV  

The study next focused on whether it would be 
possible to simulate a Car-to-Car crush between a 
mini car (test weight: 1350 kg) and a small SUV 
using the modified MPDB (changed shape and 
overlap). Figures 36 and 37, Tables 8 and 9 show 
the results.  
 

 
Figure 36. Vehicle body deceleration. 

 
Figure 37. Vehicle body velocity. 

 
Table 8. 

OLC Comparison 

 
Car-to-

Car 
Car-to-
MPDB 

Car-to-MPDB 
(Modified shape, 

45% overlap) 
OLC 34.6 41.8 39.5 

 
Table 9. 

Maximum intrusion close to lower extremities 
during crash 

 
Car-to-

Car 
Car-to-
MPDB 

Car-to-MPDB 
(Modified shape, 

45% overlap) 
Right toe 

board 
132mm 173mm 182mm 

Left toe 
board 

88mm 101mm 114mm 

 
In the case of mini car also, the body deceleration 
characteristic was closer to the results for Car-to-Car 
crash rather than original MPDB, but results deviated 
for the amount of body deformation at the toe board. 
The deceleration time history shows a good 
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agreement although the toe board instrusion shows a 
large difference.  
 
DISCUSSION 
 
The Euro-NCAP, which commenced evaluations in 
1997, has dramatically increased automotive crash 
safety. In order to further improve crash safety, it 
is necessary to consider performance in crashes 
between the subject vehicle and heavier vehicles. 
The introduction of Car-to-MPDB test is 
considered to represent an extremely effective 
means of achieving this goal. Based on actual 
accident data, it can be considered desirable to set 
1750 kg as the weight of the MPDB in these tests. 
However, if the deformation around lower 
extremities area is greater in Car-to-MPDB crashes 
than in Car-to-Car crashes, the loads on the front 
side members will be greater in order to reduce 
this, and there is a possibility that the potential of 
the large vehicle to cause damage will ultimately 
be increased. The ability to reproduce Car-to-Car 
crashes is therefore important [8]. 
It is believed that the current PDB specification 
ability to match the deceleration and toe board 
intrusion seen in the Car-to-Car crash is limited. 
This is because the current PDB shape cannot 
reproduce the engine room structure. Modifying 
the PDB shape did improve the reproducibility in 
the case of small SUV Car-to-Car crash. However, 
in the case of mini passenger vehicle Car-to-Car 
crash, both the deceleration time history, and toe 
board intrusion did not improve enough. It is to be 
considered that the mini passenger vehicle has a 
smaller engine room size with small clearance in 
the rear of the engine component, leading to a 
different engine movement against the toe board. It 
is observed that the engine rotation and movement 
is different in the crash event even though the 
initial rotation and movement of the engine 
component is similar in Car-to-Car and Car-to-
MPDB crash modes. This is more prominent in the 
mini passenger Car-to-Car crashes. 
 
 
 
 

 

 
Figure 38. Engine component displacements 
(Above: Rotation, Below: Toe board intrusion 
againt passenger vehicles). 
 
In addition, it is necessary to develop a PDB shape 
based on the engine room layout. In the next step, 
the behavior of the engine component will be 
analyzed, leading to a modified PDB specification 
while the engine room component is surveyed.  
 
CONCLUSIONS 
 
The results of studies using CAE showed that a 
ground clearance of 125 mm for an MPDB 
would be effective for crash reproduction. 
A comparison of Car-to-Car and Car-to-MPDB 
crashes for the case of a small SUV vs. a small 
SUV using current PDB specifications showed 
that the deceleration characteristic was higher, 
and intrusion around the right tibia area was 
greater for the Car-to-MPDB. 
Modifying the PDB shape to reflect the engine 
housing layout of an actual vehicle produced 
results for the body deceleration characteristic 
closer to those of a Car-to-Car. 
The results obtained after these findings were 
reflected in a mini car-to-MPDB. The results 
showed, similarly, that the body deceleration 
characteristic was more accurately reproduced 
than it had been by the pre-modification PDB 
specifications, but the deformation difference 
close to lower extremities between Car-to-Car 
and Car-to-MPDB was larger than that in the 
case of small SUV. 
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ABSTRACT 
 
This paper describes the development of child body finite element (FE) models and possible head injury 
mechanisms in vehicle-to-pedestrian collisions, while comparing the impact kinematics between child and 
adult models. Total Human Model for Safety (THUMS) Version 4 child models of 3-year-old (3YO), 6-year-
old (6YO), and 10-year-old (10YO) were developed. The model geometry was generated based on computed 
tomography (CT) scan image data of actual pediatric subjects. The material properties of body components 
were defined for each model considering the age. Forty-eight vehicle-to-pedestrian collision simulations were 
conducted using three types of vehicle FE models (a sedan, SUV, and minivan), four sizes of pedestrian FE 
models (THUMS 3YO, 6YO, 10YO, and AM50) and four collision speeds (10, 20, 30, and 40 km/h). Strain 
based indicators were used for estimating head injuries such as skull fractures and brain injuries. The 3YO 
model predicted skull fracture in a collision with a SUV or minivan. Skull fractures were not observed with the 
other models. The child models commonly showed higher cumulative strain damage measure (CSDM) values 
in the brain compared to the AM50 model. Contact between the head of the child models and the front end of 
the hood generated stress concentration in the skull and resulted in skull fracture. The head angular 
acceleration of the child models increased after the shoulder contact. This high angular acceleration resulted in 
higher CSDM values in the brains of the child models. 
 
INTRODUCTION 
 
According to statistics published by the Japanese 
Ministry of Health, Labor and Welfare in 2014, 
traffic accidents accounted for 30% of fatal 
accidents in Japan involving children aged 15 
years old or under. Statistics published in the same 
year by the National Police Agency of Japan 
showed that pedestrians accounted for the highest 
proportion (51%) of traffic accident fatalities 
involving children in the same age group (Figure 
1). Furthermore, accident analysis carried out by 
Mizuno et al. (2005) [1] found that the head is the 
most common major injury location (37%) for 
fatalities and injuries (2-6 on the abbreviated 
injury scale (AIS), 462 people, excluding 
secondary impacts with the road surface) caused 
by accidents involving child pedestrians aged 15 or 
under (Figure 2). The probability of head injuries 
(2-6 on the maximum abbreviated injury scale 
(MAIS)) of this age group is also higher than the 
group aged 16 or over (Figure 3). 

In addition to physique, the bodies of children 
have different mechanical properties and injury 
tolerances from adults, which result in different 
impact kinematics and injuries in car accidents. 
However, there are few studies that have 
investigated these differences in detail. 
In the pedestrian safety assessment tests, the head 
injuries in vehicle collisions are evaluated using 
impactors. Although these tests use two types of 
head impactor with different weights to simulate a 
child and an adult, the impactors do not express the 
detailed anatomical features of the head. In 
addition, no full-body child pedestrian dummies 
have been developed. 
Human body finite element (FE) models have been 
used in recent research into pedestrian impact 
kinematics and injuries, and various studies of 
child FE model development have been reported in 
the literature. Nishimura et al. (2002) [2] 
developed 6-year-old (6YO) and 9-year-old child 
FE models by scaling down an existing the Total 
Human Model for Safety (THUMS) Version 1 50th 
percentile American male (AM50) model. 
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Okamoto et al. (2003) [3] developed a 6YO child 
FE model using data from lower extremity 
magnetic resonance imaging (MRI) scans. Mizuno 
et al. (2005) [4] developed a 3-year-old (3YO) 
child model, again by scaling down the THUMS 
Version 1 AM50 model. Shen et al. (2016) [5] 
developed a 10-year old (10YO) child FE model 
using data from computed tomography (CT) and 
MRI scans. Meng et al. (2016) [6] also developed a 
6YO child FE model by morphing an existing 
Global Human Body Modeling Consortium 
(GHBMC) 5th percentile American female model. 
Despite these developments, there are few studies 
of research using child FE models to study the 
whole body kinematics and head injuries of child 
pedestrians in vehicle collisions. 
Therefore, the study described in this paper first 
developed child FE models that represent the 
anatomical structures and mechanical properties of 
children to enable the analysis of potential injuries 
suffered by child pedestrians. Next, the developed 
child FE models were used in vehicle-to-pedestrian 
collision simulations. This study then compares the 
whole body kinematics and head injury risk of 
these child models to those obtained using an adult 
male model with an average physique. Finally, this 
study discusses the head injury mechanisms for 
child pedestrians and the differences with the 
mechanisms for adults. 
 

 
Figure 1.  Proportions of traffic accident 
fatalities according to type.  
 

 
Figure 2.  Proportions of injuries suffered by 
pedestrians according to body part.  

 

 
Figure 3.  Cumulative distributions of head 
injuries. 
 
MODEL DEVELOPMENT 
 
Geometry Description 
Figure 4 shows overall views of the THUMS Version 
4 3YO, 6YO, and 10YO pedestrian models. The 
geometry of the body parts in the child models were 
generated using data from computed tomography 
(CT) scans. Geometry data was identified for each 
part such as the skin, bones, brain, and internal 
organs from high-resolution CT scans of 3-, 6-, and 
10-year-old children with average physiques and 
converted into three-dimensional (3D) polygon data. 
This 3D polygon data was then fed into FE creation 
software to create solid and shell elements. The 
element length was set to between 3 to 5 mm. 
 

 
 3YO 6YO 10YO 

Elements [k] 2,572 1,403 2,091 

Nodes [k] 835 508 912 

Height [cm] 94 118 138 

Weight [kg] 15.5 24.3 35.0 

Figure 4.  Overall view of child body FE models.  
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Head and Neck Model 
Figure 5 shows the 3YO head and neck models. The 
cerebrum, cerebellum, brain stem, and ventricle were 
modeled using solid elements, and the membranes 
covering the brain (i.e., the dura mater, subarachnoid, 
and pia mater) were modeled using shell elements. 
The cerebrum was expressed using a structure in 
which the left and right sides of the brain were 
connected by the corpus callosum. The head model 
also included a structure that links the brain stem and 
the spinal cord. The space between the brain and 
skull, and the cerebrospinal fluid that fills the 
ventricle were modeled using solid elements. The 
neck ligaments were modeled using shell elements 
and the neck muscles were modeled using beam and 
discrete elements. The cartilage at the end of the 
vertebra and the intervertebral disk between the 
vertebrae were modeled using solid elements. 
 

 

 

 
Figure 5.  Head and neck models (3YO).  

 

Torso Model 
Figure 6 shows the 3YO torso model. Models of 
internal organs were located without any intervening 
gaps between the ribs and the pelvis (or the spine at 
the back of the model). The heart, liver, kidneys, 
spleen, pancreas, gallbladder, and bladder were 

modeled using solid elements, and the esophagus, 
stomach, duodenum, small intestine, and large 
intestine were modeled using shell elements. The 
lung surfaces were expressed using shell elements 
and the internal structures using solid elements. The 
artery and vena cava that travel from the heart close 
to the lungs and spine were modeled using shell 
elements. In addition, the membranes that cover the 
internal organs (i.e., the diaphragm, pleura, and 
peritoneum) were also modeled using shell elements. 
The connections and contacts between internal 
organs were defined based on anatomical data. 
The pelvis consists of the iliac wing, ischium, and 
pubis. Cortical bones were modeled using shell 
elements and trabecular bones were modeled using 
solid elements. The triradiate cartilage that joins each 
section was modeled using solid elements. 
 

 
 

 
Figure 6.  Torso model (3YO).  
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Extremity Model 
Figure 7 shows the 3YO lower extremity model. The 
long bones (i.e., the femur, tibia, and fibula), were 
modeled using solid elements for both cortical and 
trabecular bones (the same approach was taken for 
the upper extremity model). For the other bones (such 
as the phalanges and the calcaneus), cortical bones 
were modeled using shell elements and trabecular 
bones were modeled using solid elements. One 
particular anatomical feature of lower extremities in 
children is the presence of growth plates and 
epiphyseal cartilage. These are mainly found at the 
end of the long bones and were modeled using solid 
elements to connect with the diaphyseal region. 
 

 
Figure 7.  Lower extremity model (3YO).  
 
Material Property 
The material properties of each part of the human 
anatomy change in accordance with age. Currey et al. 
(1975) [7] carried out 3-point bending tests using 
femur cortical bones from subjects aged from 2 to 48 
years old and identified the relationship between age 
and the young’s modulus of the femur (Figure 8). 
This relationship was used to calculate the ratio of the 
young’s modulus of the 3YO, 6YO, and 10YO child 
models with respect to an adult model (40YO) (3YO: 
0.60, 6YO: 0.66, and 10YO: 0.72). Using these ratios, 
the material properties were scaled from the AM50 
model to the child models. It was assumed that the 
same ratio can be used for bones other than the femur. 
However, since the specific effects of aging on other 
parts of the body apart from the bones were unknown, 
this study assumed the same material properties as 
adults. 
 

 
Figure 8.  Relationship between age and Young’s 
modulus of femur cortical bone.  
 
McCalden et al. (1993) [8] carried out tensile tests 
using femur cortical bones from subjects aged 20 to 
102 years old and identified the relationship between 
age and the fracture strain of the bone (Figure 9). The 
fracture strain of bones in the 3YO, 6YO, and 10YO 
child models were then estimated assuming that 
bones in children have the same relationship (3YO: 
4.1%, 6YO: 4.0%, and 10YO: 3.9%). The same 
fracture strain was assumed for bones other than the 
femur (Table 1). 
 

 
Figure 9.  Relationship between age and fracture 
strain of femur cortical bone. 
 

Table 1. 
Assumed threshold values of cortical bone 

fracture strain. 

Region Indicator 
Child Adult 

(40YO) 3YO 6YO 10YO 

Cortical Bone Strain (%) 4.1 4.0 3.9 3.0 
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MODEL VALIDATION 
 
The mechanical responses and whole-body 
kinematics of the completed child models were 
compared with test data obtained using post mortem 
human subjects (PMHS) and volunteers, as described 
in the literature [9-21]. The eleven load application 
cases shown in Table 2 were selected to validate the 
models. Each case used conditions that assume the 
load acting on a vehicle occupant or pedestrian in a 
vehicle collision. This paper describes the validation 
results of two cases: the head drop test carried out by 
Loyd et al. (2011) [9] and the femur 3-point bending 
test carried out by Ouyang et al. (2003) [15]. 

 

Table 2. 
Child model validation cases. 

Body 
Region 

Loading 
Condition Literature Subject 

Age 

Reference age 
for THUMS

3YO 6YO 10YO 

Head 

Lateral 
Compression Loyd (2011) 0 - 67 - - 9 

Drop Loyd (2011) 0 - 67 - - 9 

Neck Tension Luck (2012) 0 - 18 - - 9 

Thorax 

Anterior 
Impact Ouyang (2006) 2 - 12 2 – 3 5 - 12 5 - 12

Belt Loading Kent 
(2009, 2011) 6 - 15 - 6 - 15 6 - 15

Abdomen Belt Loading Kent 
(2009, 2011) 6 - 15 - 6 - 15 6 - 15

Pelvis Lateral 
Impact Ouyang (2003) 2 - 12 2 – 4 5 - 12 5 - 12

Femur 
Tibia 

3-point 
Bending 

Ouyang (2003), 
Miltner (1989), 
Martin (1976), 
Stürtz (1980)

2 - 15 2 - 15 2 - 15 2 - 15

Whole 
Body 

Low-speed 
Frontal Sled Arbogast (2009) 6 - 30 - 6 - 9 8 - 12

Low-speed 
Lateral Sled Ita (2014) 6 - 8 - 6 - 8 - 

High-speed 
Frontal Sled Ash (2009) 13 - - 13 

 

Head Drop Test 
Figure 10 shows the model used for the simulated 
head drop test. The test was carried out using PMHS 
aged between 0 and 67 years old. In the test, the head 
was dropped freely onto an aluminum plate from a 
height of 30 cm so that the initial contact is on the 
side. The test recorded the loading response history 
when the impact occurred (measured using a load 
cell) and the acceleration response history of the head 
(measured using the weight of the head).  This test 
was simulated using the 3YO, 6YO, and 10YO child 
models. Figure 11 compares the head acceleration 
history curve obtained in the test with those 

calculated using the child models. The head 
acceleration response of the 10YO child model 
approximately matched that obtained using a 9YO 
PMHS. Figure 12 compares the peak acceleration 
obtained in the test with those calculated using the 
child models. In the test results, the peak acceleration 
increased in accordance with age. The peak 
acceleration of the child models showed the same 
increasing trend. 
 

 
Figure 10.  Head drop test (10YO). 
 

 
Figure 11.  Comparison of head acceleration 
responses. 
 

 
Figure 12.  Relationship between age and peak 
acceleration. 
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Femur 3-point Bending Test 
Figure 13 shows the model used for the simulated 
femur 3-point bending test. This test used PMHS 
aged between 2 and 15 years old. This was a quasi-
static test in which the center of the femur was loaded 
using an impactor with a diameter of 20 mm. The 
bending moment when the bone fractured was 
calculated from the force and the displacement of 
impactor. This test was simulated using the 3YO, 
6YO, and 10YO child models. The simulations 
determined that a bone fracture occurred if the strain 
values generated in the solid elements of the femur 
cortical bone reached the fracture strain values 
described above (Table 1).  Figure 14 compares the 
bone fracture moment obtained in the test with those 
calculated using the child models. The bone fracture 
moments of the 3YO, 6YO, and 10YO child models 
were within the range of the test results. Furthermore, 
the bone fracture moments in the test increased in 
accordance with age. The bone fracture moments of 
the child models showed the same increasing trend. 
Based on the results, it was considered that the 
material properties and bone fracture criteria 
reference values defined for the bones in the child 
models were appropriate. 
 

 

Figure 13.  Femur 3-point bending test. 
 

 

Figure 14.  Relationship between age and femur 
fracture moment. 

VEHICLE-TO-PEDESTRIAN COLLISION 
SIMULATION 
 
Forty-eight vehicle-to-pedestrian collision 
simulations were carried out using the three 
developed child models and an AM50 model. 
Figure 15 outlines the models used in the 
simulations. Three different vehicle FE models 
were used: the sedan, SUV, and minivan models 
created by Watanabe et al. (2012) [22]. Pedestrians 
were simulated using four human FE models: the 
developed THUMS Version 4 3YO, 6YO, and 
10YO child models, and the THUMS Version 4.02 
AM50 model. The initial posture of the models 
was adjusted to the pedestrian posture described in 
SAE technical standards (2010) [23]. The collision 
speed was set to four levels: 10, 20, 30, and 40 
km/h. The collision location was set to the center 
of the front vehicle surface in the width direction. 
The vehicle was directed to collide with the right 
side of the pedestrian. Table 3 lists the collision 
simulation conditions. LS-DYNATM Version 971 
was used for the simulations. 
Five vehicle body parts were monitored as the 
contact locations with the pedestrian head: the 
grille (A), the leading edge of the hood (B), the top 
surface of the hood (C), the cowl (D), and the 
windshield glass (E). The impact speed when the 
head contacts the vehicle was expressed as the 
relative velocity between the head center of gravity 
and the vehicle. If the vehicle speed was defined as 
Vx and the speed of the pedestrian head as vx, vy, 
and vz, then the relative velocity between the head 
and the vehicle VR was obtained by Equation 1. In 
addition, Equation 2 was used to calculate the 
impact angle θ of the head. 
 

( ) 222
zyxxR vvVvV ++−=       (Equation 1) 

xx

z

Vv

v

−
= −1tanθ                    (Equation 2) 

 
This study used an index based on bone and brain 
strain and an index based on the linear acceleration 
and angular velocity of the head center of gravity 
to estimate head injury (bone fractures and brain 
injury). The simulations assumed that a bone 
fracture occurred if the strain generated in the solid 
elements of the skull cortical bone exceeded the 
fracture strain values described above (Table 1). 
Brain injury (diffuse axonal injury: DAI) was 
estimated using the cumulative strain damage 
measure (CSDM) proposed by Takhounts et al. 
(2003) [24]. CSDM is an index used to assess the 
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occurrence of DAI based on the ratio of the 
volume of locations in which distortion in the brain 
exceeds a threshold value (25%) with respect to 
the volume of the whole brain. According to the 
brain injury risk curve derived by Takhounts et al. 
(2013) [25], a CSDM value of 49% was equivalent 
to a 50% probability of DAI (AIS4+).  The head 
injury criterion (HIC15) was calculated to estimate 
injury caused by translational motion of the head. 
According to the skull fracture risk curve derived 
by Mertz et al. (1996) [26], an HIC15 value of 
1,000 was equivalent to a 16% bone fracture 
probability. In addition, the brain injury criterion 
(BrIC) was calculated to estimate brain injury 
caused by rotational motion of the head. According 
to the brain injury risk curve derived by Takhounts 
et al. (2013) [25], a BrIC value of 0.89 is 
equivalent to a 30% probability of DAI (AIS4+). 
 

 
 

 
 

 
 

  Sedan SUV Minivan 

A Bumper Height [mm] 533 658 631 

B Hood Leading Edge [mm] 781 907 888 

C Bumper Protrusion [mm] 133 163 121 

D Hood Length [mm] 1142 861 493 

E Hood Inclination [deg] 5 9 14 

F Windshield Inclination [deg] 31 38 40 

Figure 15.  Simulation models of collisions 
between vehicle and pedestrian. 

 
Table 3. 

Simulate conditions. 

 
RESULT 
 
Collision with Sedan 
 

Impact Kinematics Figure 16 shows the 
whole body kinematics in the pedestrian-to-sedan 
collisions at a collision speed of 40 km/h. With the 
3YO child model, the pelvis contacted the bumper 
first. After the shoulder contacted the leading edge of 
the hood at 10ms after the collision, the head rotated 
laterally around the shoulder. The head finally 
contacted the top surface of the hood at 30 ms. With 
the 6YO child model, the upper femur contacted the 
bumper first. After the shoulder contacted the top 
surface of the hood at 40ms, the head rotated laterally 
around the shoulder. The head finally contacted the 
top surface of the hood at 60 ms. With the 10YO 
child model, the lower femur contacted the bumper 
first. After the pelvis contacted the leading edge of 
the hood at 30ms, the upper body fell down toward 
the front part of the hood. After the shoulder 
contacted the top surface of the hood at 50ms, the 
head rotated laterally around the shoulder. The head 
finally contacted the top surface of the hood at 70 ms. 
With the AM50 model, the knee contacted the 
bumper first. After the upper femur contacted the 
leading edge of the hood at 40ms, the body started 
rotating to the side around the pelvis. The lower 
extremities were thrust in the forward direction, the 
upper body fell down toward the middle part of the 
hood. After the shoulder contacted the top surface of 

Vehicle 
Type 

Collision Speed  
[km/h] 

Pedestrian Body Size 

3YO 6YO 10YO AM50 

Sedan 

10 Case 1 Case 5 Case 9 Case 13 

20 Case 2 Case 6 Case 10 Case 14 

30 Case 3 Case 7 Case 11 Case 15 

40 Case 4 Case 8 Case 12 Case 16 

SUV 

10 Case 17 Case 21 Case 25 Case 29 

20 Case 18 Case 22 Case 26 Case 30 

30 Case 19 Case 23 Case 27 Case 31 

40 Case 20 Case 24 Case 28 Case 32 

Minivan 

10 Case 33 Case 37 Case 41 Case 45 

20 Case 34 Case 38 Case 42 Case 46 

30 Case 35 Case 39 Case 43 Case 47 

40 Case 36 Case 40 Case 44 Case 48 

A 
B 

D C

F
E

3YO 6YO 10YO AM50 

Initial 
Velocity 

Miniva

A 
B 

D C 
F 

E

3YO 6YO 10YO AM50 

Initial 
Velocity 

SUV  

D C 
F

A 

E

3YO 6YO 10YO AM50 

B

Initial 
Velocity 

Sedan  Body Center of Gravity 
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the hood at 130 ms followed by the head contacted 
the windshield glass at 140 ms. 

 

 
 

 
 

 
Figure 16.  Pedestrian impact kinematics at a 
speed of 40km/h in collisions with sedan. 

Head Contact Condition Table 4 shows the 
head contact time, contact location, impact 
velocity, impact angle, and peak contact force in 
the sedan collision simulations. Head contact time 
became later in accordance with age. The contact 
time of the 3YO child model was earlier than the 
other models and occurred after 30 ms at a 
collision speed of 40 km/h. The head of each child 
model contacted the top surface of the hood, 
regardless of the collision speed. With the AM50 
model, the head contacted the top surface of the 
hood at collision speeds of 10 and 20 km/h. In 
contrast, the head contacted the cowl at 30 km/h 
and the windshield glass at 40 km/h. The collision 
angle of the head of the 3YO child model was 
smaller than the other models. The highest head 
contact velocity was generated by the 10YO child 
model at a collision speed of 40 km/h (13.5 m/s). 
Similarly, the highest peak contact force was also 
generated by the 10YO child model at a collision 
speed of 40 km/h (6.6 kN). 
 

Head Impact Response Table 5 shows the 
skull fracture locations, brain CSDM, HIC15, BrIC, 
peak head linear acceleration, peak head angular 
velocity, and peak head angular acceleration in the 
sedan collision simulations. Bone fractures were not 
predicted in every case. The highest CSDM was 
generated by the 6YO child model at a collision 
speed of 40 km/h (80%). In the same case, the BrIC 
was 1.7, the peak angular velocity was 101 rad/s, and 
the peak angular acceleration was 10,728 rad/s2. 
 

Table 4. 
Head contact conditions in collisions with sedan. 

 
Collision 

Speed 
[km/h] 

Contact Time 
[ms] 

Contact 
Location* 

Impact Velocity 
 

[m/s] 

Impact Angle 
 

[degree] 

Peak Contact 
Force 
[kN] 

3YO 

10 90 C 2.4 59.2 1.7 
20 50 C 4.8 14.7 1.5 
30 40 C 7.9 5.9 1.7 
40 30 C 11.0 3.2 2.5 

6YO 

10 160 C 1.3 88.7 0.4 
20 100 C 3.6 97.9 1.4 
30 70 C 5.7 94.6 1.9 
40 60 C 7.8 77.5 2.0 

10YO 

10 210 C 3.2 75.0 0.6 
20 130 C 6.2 90.7 1.0 
30 100 C 9.0 81.6 3.4 
40 70 C 13.5 64.8 6.6 

AM50 

10 350 C 5.3 30.2 0.5 
20 230 C 6.5 74.2 1.8 
30 170 D 8.7 80.3 5.8 
40 140 E 12.1 70.9 4.4 

130 ms 140 ms 0 ms 40 ms 

0 ms 30 ms 50 ms 70 ms 

0 ms 20 ms 40 ms 60 ms 

0 ms 10 ms 20 ms 30 ms 

AM50 

10YO 

6YO 

3YO 

*  A : Grille 
B : Hood Leading Edge 
C : Hood Top Surface 
D : Cowl 
E : Windshield Glass 
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Table 5. 
Head responses in collisions with sedan. 

 
Collision 

Speed 
[km/h] 

Skull 
Fracture 

CSDM 
[%] 

HIC15 BrIC 

Peak Head 
Linear 

Acceleration 
[g] 

Peak Head 
Angular 
Velocity 
[rad/s] 

Peak Head 
Angular 

Acceleration 
[rad/s2] 

3YO 

10 - 1 65 0.6 58 38 7,252 
20 - 3 140 1.2 50 69 7,471 
30 - 43 247 1.6 58 103 13,680 
40 - 66 438 2.0 83 130 20,695 

6YO 

10 - 0 4 0.5 15 30 1,577 
20 - 4 75 1.0 46 61 4,194 
30 - 46 201 1.4 66 87 6,577 
40 - 80 218 1.7 68 101 10,728 

10YO 

10 - 0 18 0.4 22 26 1,010 
20 - 0 52 0.9 35 47 2,682 
30 - 21 232 1.2 117 71 10,901 
40 - 77 987 1.7 225 95 20,705 

AM50 

10 - 0 3 0.3 14 16 390 
20 - 0 124 0.7 45 30 1,329 
30 - 11 1,025 1.0 148 44 7,710 
40 - 9 616 1.2 113 54 7,163 

 
Collision with SUV 
 

Whole Body Kinematics Figure 17 shows the 
whole body kinematics in the pedestrian-to-SUV 
collisions at a collision speed of 40 km/h. With the 
3YO child model, the abdomen contacted the bumper 
first. After the shoulder contacted the grille at 10 ms 
after the collision, followed by the head contacted the 
leading edge of the hood at 20 ms. With the 6YO 
child model, the pelvis contacted the bumper first. 
After the shoulder contacted the leading edge of the 
hood at 20ms, the head rotated laterally around the 
shoulder. The head finally contacted the top surface 
of the hood at 40 ms. With the 10YO child model, the 
upper femur contacted the bumper first. After the 
abdomen contacted the leading edge of the hood at 20 
ms, upper body fell down toward the front part of the 
hood. After the shoulder contacted the top surface of 
the hood at 50 ms, the head rotated laterally around 
the shoulder. The head finally contacted the top 
surface of the hood at 70 ms. With the AM50 model, 
the knee contacted the bumper first. After the pelvis 
contacted the leading edge of the hood at 30 ms, the 
upper body fell down toward the middle part of the 
hood. After the shoulder contacted the top surface of 
the hood at 100ms, followed by the head contacted 
the windshield glass at 110 ms. 

 

 

 
 

 
 

 
Figure 17.  Pedestrian impact kinematics at a 
speed of 40km/h in collisions with SUV. 
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Head Contact Condition Table 6 shows the 
head contact time, contact location, impact 
velocity, impact angle, and peak contact force in 
the SUV collision simulations. In the same way as 
the sedan collision simulations, head contact time 
became later in accordance with age. The contact 
time of the 3YO child model was earlier than the 
other models and occurred after 20 ms at a 
collision speed of 40 km/h. With the 3YO child 
model, the head contacted the grille at a collision 
speed of 10 km/h and the leading edge of the hood 
at collision speeds of 20 km/h and above. The head 
of the 6YO child model contacted the top surface 
of the hood, regardless of the collision speed. At a 
collision speed of 10 km/h, the head of the 10YO 
child model did not contact the vehicle. At 
collision speeds of 20 km/h and above, the head 
contacted the top surface of the hood. Similarly, 
the head of the AM50 model did not contact the 
vehicle at a collision speed of 10 km/h. With the 
AM50 model, the head contacted the top surface of 
the hood at a collision speed of 20 km/h, the cowl 
at 30 km/h, and the windshield glass at 40 km/h. In 

the same way as the sedan collision simulations, 
the collision angle of the head of the 3YO child 
model was smaller than the other models. The 
highest head contact velocity was generated by the 
10YO child model at a collision speed of 40 km/h 
(12.1 m/s). However, the highest head contact 
force was generated by the 3YO child model at a 
collision speed of 40 km/h (6.5 kN). 
 

Head Impact Response Table 7 shows the 
skull fracture locations, brain CSDM, HIC15, BrIC, 
peak head linear acceleration, peak head angular 
velocity, and peak head angular acceleration in the 
SUV collision simulations. A skull fracture (temporal 
bone) was predicted with the 3YO child model at a 
collision speed of 40 km/h. In the same case, the 
HIC15 was 2,613 and the peak linear acceleration 
was 221 g. The highest CSDM was generated by the 
6YO child model at a collision speed of 40 km/h 
(85%). In the same case, the BrIC was 1.4, the peak 
angular velocity was 87 rad/s, and the peak angular 
acceleration was 16,900 rad/s2. 
 

 
Table 6.  

Head contact conditions in collisions with SUV. 

 
Collision 

Speed 
[km/h] 

Contact Time 
[ms] 

Contact 
Location* 

Impact Velocity 
 

[m/s] 

Impact Angle θ 
[degree] 

Peak Contact  
Force 
[kN] 

3YO 

10 80 A 2.2 37.8 0.5 
20 40 B 5.6 9.0 3.0 
30 30 B 8.4 3.1 4.6 
40 20 B 11.1 1.1 6.5 

6YO 

10 130 C 1.1 100.9 0.2 
20 70 C 3.6 77.7 3.1 
30 50 C 5.7 62.5 4.3 
40 40 C 7.3 56.9 5.4 

10YO 

10 - - - - - 
20 120 C 4.6 105.0 0.9 
30 80 C 7.8 90.5 2.3 
40 70 C 12.1 67.9 6.2 

AM50 

10 - - - - - 
20 190 C 6.1 87.2 5.2 
30 140 D 10.2 82.7 5.5 
40 110 E 11.7 87.1 5.2 

 
  

*  A : Grille 
B : Hood Leading Edge 
C : Hood Top Surface 
D : Cowl 
E : Windshield Glass 
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Table 7. 
Head responses in collisions with SUV. 

 
Collision 

Speed 
[km/h] 

Skull 
Fracture 

CSDM 
[%] 

HIC15 BrIC 

Peak Head 
Linear 

Acceleration 
[g] 

Peak Head 
Angular 
Velocity 
[rad/s] 

Peak Head 
Angular 

Acceleration 
[rad/s2] 

3YO 

10 - 0 14 0.4 19 28 2,718 
20 - 0 495 0.5 104 30 5,037 
30 - 4 1,195 0.7 155 40 9,288 
40 Temporal Bone 15 2,613 0.8 221 47 11,303 

6YO 

10 - 0 1 0.6 8 36 2,266 
20 - 43 150 1.1 106 63 9,897 
30 - 72 424 1.2 147 73 12,706 
40 - 85 634 1.4 183 87 16,900 

10YO 

10 - 0 - 0.4 13 25 1,347 
20 - 0 30 0.9 32 52 3,225 
30 - 24 133 1.4 80 120 8,695 
40 - 74 1,010 1.8 210 278 19,540 

AM50 

10 - 0 - 0.4 5 5 600 
20 - 0 586 0.7 131 131 8,538 
30 - 62 1,262 1.0 140 143 8,944 
40 - 65 818 1.8 116 168 15,689 

 
Collision with Minivan 
 

Whole Body Kinematics Figure 18 shows 
the whole body kinematics in the pedestrian-to-
minivan collisions at a collision speed of 40 km/h. 
The impact kinematics, contact locations, and contact 
times of the child models were the same as in the 
SUV collision simulations. With the AM50 model, 
the knee contacted the bumper first. After the pelvis 
contacted the leading edge of the hood at 30 ms after 
the collision, the upper body fell down toward the 
rear part of the hood. After the shoulder contacted the 
windshield glass at 90 ms, followed by the head 
contacted the same parts at 110 ms. 
 

 

 

 
 

 
 

 
Figure 18.  Pedestrian Impact kinematics at a 
speed of 40km/h in collisions with minivan. 

90 ms 110 ms 0 ms 30 ms 

50 ms 70 ms 0 ms 20 ms 

20 ms 40 ms 0 ms 10 ms 

20 ms 30 ms 0 ms 10 ms 
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10YO 

6YO 
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Head Contact Condition Table 8 shows the 
head contact times, contact locations, impact 
velocities, impact angles, and peak contact forces 
in the minivan collision simulations. In the same 
way as the collision simulations involving the 
other vehicle types, head contact time became later 
in accordance with age. The contact time of the 
3YO child model was earlier than the other models 
and occurred after 20 ms at a collision speed of 40 
km/h. With the 3YO child model, the head 
contacted the grille at a collision speed of 10 km/h 
and the leading edge of the hood at collision 
speeds of 20 km/h and above. The head of the 6YO 
and 10YO child models contacted the top surface 
of the hood, regardless of the collision speed. At a 
collision speed of 10 km/h, the head of the AM50 
model did not contact the vehicle. With the AM50 
model, the head contacted the windshield glass at 
collision speeds of 20 km/h and above. In the same 
way as the collision simulations involving the 
other 

vehicle types, the collision angle of the head of the 
3YO child model was smaller than the other 
models. The highest head contact velocity was 
generated by the AM50 model at a collision speed 
of 40 km/h (15.9 m/s). However, the highest head 
contact force was generated by the 10YO child 
model at a collision speed of 40 km/h (3.8 kN). 
 

Head Impact Response Table 9 shows the 
skull fracture locations, brain CSDM, HIC15, BrIC, 
peak head linear acceleration, peak head angular 
velocity, and peak head angular acceleration in the 
minivan collision simulations. Skull fractures 
(temporal bone and mandible) were predicted with 
the 3YO child model at a collision speed of 40 km/h. 
In the same case, the HIC15 was 835 and the peak 
linear acceleration was 108 g. The highest CSDM 
was generated by the 6YO child model at a collision 
speed of 40 km/h (78%). In the same case, the BrIC 
was 1.4, the peak angular velocity was 83 rad/s, and 
the peak angular acceleration was 14,215 rad/s2. 
 

Table 8.  
Head contact conditions in collisions with minivan.  

 
Collision 

Speed 
[km/h] 

Contact Time 
[ms] 

Contact 
Location 

Impact Velocity 
 

[m/s] 

Impact Angle θ 
[degree] 

Peak Contact  
Force 
[kN] 

3YO 

10 80 A 2.1 43.6 0.9 
20 40 B 5.2 6.9 1.5 
30 30 B 8.2 2.7 2.0 
40 20 B 11.1 1.5 3.2 

6YO 

10 120 C 1.6 82.5 0.6 
20 70 C 3.9 70.8 2.0 
30 50 C 6.4 39.6 2.8 
40 40 C 9.7 19.6 3.2 

10YO 

10 190 C 1.6 89.6 0.4 
20 120 C 4.3 98.8 1.2 
30 80 C 8.2 75.7 2.6 
40 70 C 11.4 66.8 3.8 

AM50 

10 - - - - - 
20 180 E 7.2 71.0 1.3 
30 130 E 12.5 49.6 1.8 
40 110 E 15.9 41.8 3.3 

  

*  A : Grille 
B : Hood Leading Edge 
C : Hood Top Surface 
D : Cowl 
E : Windshield Glass 
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Table 9. 
Head responses in collisions with minivan. 

 
Collision 

Speed 
[km/h] 

Skull 
Fracture 

CSDM 
[%] 

HIC15 BrIC 

Peak Head 
Linear 

Acceleration 
[g] 

Peak Head 
Angular 
Velocity 
[rad/s] 

Peak Head 
Angular 

Acceleration 
[rad/s2] 

3YO 

10 - 0 19 0.5 32 30 3,530 
20 - 0 135 0.7 50 42 4,529 
30 - 14 376 1.0 67 63 10,290 

40 
Zygomatic Bone 

Mandible 
33 835 1.1 108 72 13,241 

6YO 

10 - 0 9 0.6 22 32 2,707 
20 - 36 158 1.0 67 57 8,004 
30 - 62 362 1.1 94 65 11,214 
40 - 78 824 1.4 109 83 14,215 

10YO 

10 - 0 5 0.5 15 27 1,607 
20 - 0 50 0.9 41 55 3,911 
30 - 31 217 1.4 89 88 10,117 
40 - 55 503 1.7 129 107 14,041 

AM50 

10 - 0 - 0.3 - 18 500 
20 - 0 31 0.6 33 33 2,461 
30 - 2 41 0.9 46 54 2,991 
40 - 16 80 1.0 85 103 2,992 

 
DISCUSSION  
 
Kinematic 
The impact kinematics by which the models fell 
down toward the vehicle differed because the child 
and AM50 models in a pedestrian posture have 
different center of gravity heights with respect to 
the leading edge of the hood. With the 3YO and 
6YO child models, body parts higher than the 
center of gravity (i.e., the thorax, shoulder, and 
head) contacted the leading edge of the hood. The 
upper body of these models deformed along the 
shape of the front vehicle surface and the upper 
body did not fall down toward the hood. The head 
of the models contacted locations close to the front 
of the hood. With the 10YO child model, the body 
part at the center of gravity position (i.e., the 
pelvis) contacted the leading edge of the hood. The 
body upward from the pelvis then fell down toward 
the front part of the hood. The head of the model 
contacted locations close to the middle part of the 
hood. With the AM50 model, the femur below the 
center of gravity position contacted the leading 
edge of the hood. The lower extremities were 
thrust in the forward direction of the vehicle and 
the body rotated toward the rear of the vehicle 
centered on the pelvis. Subsequently, the upper 
body fell down toward either the middle part or the 
rear part of the hood. The head contacted either the 
rear part of the hood or the windshield glass. 
 

Head Contact Condition 
The head contact force of the child models was 
higher than the AM50 model. The causes of this 
result are discussed below. In the sedan and 
minivan collision simulations, the highest head 
contact force occurred with the 10YO child model 
at a collision speed of 40 km/h. In the sedan 
collision simulations, the pelvis of the 10YO child 
model contacted the leading edge of the hood at 30 
ms after the collision. Then, the upper body fell 
down toward the hood and the head moved 
downward. The velocity of the head in the Z 
direction rose, thereby increasing the relative 
velocity between the head and the vehicle (red line 
in Figure 19). As a result, the head contact velocity 
at the point of contact (70 ms) was 13.5 m/s, 
higher than the other models. This is the probable 
cause of the high contact force. In the minivan 
collision simulations, the head contact velocity of 
the 10YO child model is lower than the AM50 
model. However, the head contact force of the 
10YO child model is higher than the AM50 model 
probably because the head of the AM50 model 
contacted the windshield. In the SUV collision 
simulations, the highest head contact force 
occurred with the 3YO child model. This is 
assumed to be because the head contact angle of 
the 3YO child model was smaller than the other 
models, which caused the head to contact the 
vehicle from the front of the leading edge of the 
hood. 
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Figure 19.  Relative head velocity curves with 
respect to vehicle at a speed of 40km/s in 
collisions with sedan. 
 
Head Injury Indicator Values 
In the SUV and minivan collision simulations, the 
skull strain of the 3YO child model exceeded the 
fracture strain at a collision speed of 40 km/h. The 
head of this model contacted the vehicle from the 
front of the leading edge of the hood. This 
probably resulted in concentrated higher force 
application to the head compared to cases in which 
the head contacted the vehicle from the top surface 
of the hood. This resulted in high stress generation 
at the contact location and higher skull strain 
(Figure 20). In contrast, the skull strain of the 
AM50 model did not exceed the fracture strain. 
Therefore, the skull strain of the 3YO child model 
was higher than the AM50 model probably because 
the head of the 3YO child model contacted the 
leading edge of the hood from the front of the 
vehicle. 
 

 
Figure 20.  Skull strain contour of 3YO child 
model at a speed of 40km/h  in collisions with 
SUV (Case 20). 
 
The highest CSDM value was generated in the 
collision between the 6YO child model and the 
SUV at a collision speed of 40 km/h. The shoulder 
of the 6YO child model contacted the leading edge 
of the hood at 20 ms after the collision. The 
shoulder was forcibly pushed away, which 
generated a large velocity difference between the 
head and thorax. This caused the head to rotate 
rapidly centered on the shoulder. The angular 

acceleration then increased as the angular velocity 
of the head rose suddenly (green line in Figure 21). 
This increase in angular acceleration probably 
caused high brain strain before contact between the 
head and the hood (Figure 22). Subsequently, the 
head contacted the hood at 40 ms, which 
suppressed the rotation and caused the angular 
velocity to decrease rapidly.  The brain strain then 
increased further because the rotation of the brain 
did not stop at the same time as the skull. The 
pelvis of the AM50 model contacted the leading 
edge of the hood at 20 ms. The head rotated around 
the pelvis until the point of contact between the 
shoulder and the hood (100 ms) (Figure 23). The 
radius of rotation of the head in the AM50 model 
was larger than the 6YO child model, which means 
that the time from the start of head rotation to the 
contact with the hood was longer (6YO child 
model: 20 ms, AM50: 80 ms). This is the probable 
reason why the gradient of the head angular 
velocity of the AM50 model is smaller than the 
6YO child model. As a result, it is likely that the 
brain strain is higher than the AM50 model due to 
the rapid head rotation that occurs between the 
shoulder of the 6YO child model contacting the 
leading edge of the hood and the head contacting 
the vehicle. 
 

 

 
Figure 21.  Head angular velocity and 
acceleration curves of 6YO child model and 
AM50 model at a speed of 40km/h in  collisions 
with SUV. 
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Figure 22.  Brain principal strain contours of 
6YO child model and AM50 model at a speed of 
40km/h in collisions with SUV. 
 

 

 
Figure 23.  Head trajectories of 6YO child model 
and AM50 model at a speed of 40km/h in 
collisions with SUV. 
 

Figure 24 shows the relationship between collision 
speed and CSDM. The CSDM of the child models 
increased in accordance with the collision speed. 
At collision speeds of 30 km/h and above, the 
CSDM exceeded 49% (DAI probability: 50%) in 
some cases with both the child and AM50 models. 
 

 
Figure 24.  Relationship between collision speed 
and CSDM Values. 
 
LIMITATION  
 
This study carried out 48 vehicle-to-pedestrian 
collision simulations under different vehicle 
(sedan, SUV, and minivan), pedestrian physique 
(3YO, 6YO, 10YO, and AM50 models), and 
collision speed (10, 20, 30, and 40 km/h) 
conditions. The simulation results found different 
injury trends for children and adults. However, 
actual accident conditions are more varied than 
these simulations, and these results can only 
predict possible outcomes in certain scenarios. 
Further study is needed to analyze the child head 
injury mechanisms and to understand the 
differences with adult injury mechanisms. 
This study also evaluated the possibility of bone 
fractures and brain injuries based on assumed 
threshold values. The bone fracture threshold 
values for children were assumed based on the 
effects of aging on femur durability described in 
the literature, and these assumptions were also 
applied to the skull. However, the injury tolerance 
of bones probably varies depending on the part of 
the body. The threshold value for strain that was 
used to calculate the CSDM value was assumed to 
be the same as the threshold value adopted in the 
AM50 model (25%). However, the actual brain 
injury tolerance probably varies with age. Future 
study must consider the effects of body location 
and age on these threshold values. 
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CONCLUSIONS  
 
THUMS Version 4 child models were developed 
representing the anatomical structures of 3YO, 
6YO, and 10YO children. In each model, the 
geometries of the skeleton, brain, and internal 
organs were precisely represented based on data 
from high-resolution CT scans. The material 
properties of the child models were defined 
considering the aging effects described in the 
literature. The mechanical responses and whole-
body kinematics of the child models were 
compared with test results obtained using PMHS 
and volunteers, as described in the literature. The 
mechanical responses of the child models (e.g., the 
impact response of the head) approximately 
matched the experimental results. 
Forty-eight vehicle-to-pedestrian collision 
simulations were carried out under different 
vehicle (sedan, SUV, and minivan), pedestrian 
physique (3YO, 6YO, 10YO, and AM50 models), 
and collision speed (10, 20, 30, and 40 km/h) 
conditions. The whole body kinematics and head 
injuries of the child and AM50 models were 
compared in vehicle-to-pedestrian collisions. 
The simulation results of all 48 cases indicated that 
the skull and brain strain values of the child 
models were higher than the AM50 model in the 
following cases, even under the same collision 
conditions. In the SUV and minivan collision 
simulations, the head of the 3YO child model 
struck the leading edge of the hood firmly in some 
cases. This caused concentrated high force 
application to the side of the head, resulting in 
higher skull strain than the AM50 model. In 
addition, in the SUV collision simulations, the 
shoulder of the 6YO child model was pushed 
strongly into the leading edge of the hood in some 
cases. The subsequent rapid rotation of the head 
generated high angular acceleration, resulting in 
higher brain strain than the adult model. These 
phenomena are probably one reason why the head 
injury rate of children is higher than that of adults. 
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ABSTRACT 

 

Anthropomorphic test device (ATDs) used for injury assessment are continuously being developed to enhance 

their biofidelity. For frontal crash testing, the Test device for Human Occupant Restraint (THOR-50M) ATD 

is being considered as the next injury assessment device in place of the current Hybrid III 50M (HIII-50M) 

ATD. Due to improved biofidelity and advanced instrumentation, the THOR-50M ATD has been developed to 

improve the assessment of injury measures in comparison to HIII-50M ATD. This study evaluated the THOR-
50M ATD‟s repeatability and reproducibility (R&R) of the thorax, and compares the findings to that of the 

HIII-50M ATD.  

 

The thorax deflection of THOR-50M and HIII-50M were measured respectively. For three THOR ATDs, the 

upper thorax qualification test was conducted three times by the present certification procedures. For five 

Hybrid III ATDs, the thorax impact test was conducted three times by the Low Speed Thorax Impact Test 

Procedure. The coefficient of variation (CV) of thorax deflection was calculated to evaluate the R&R in thorax 

response. In addition, the thorax deflection was converted into injury risk probability because the THOR-50M 

utilizes different risk curves, measurement equipment, and measurement points from the HIII-50M. In the 

HIII-50M ATD, the characteristics of ribs are certified as a way to improve the R&R. In order to investigate 

the effect of the characteristics of ribs on the THOR‟s upper thorax response, the ribs thickness was measured 
for three THOR ATDs. Moreover, a lumbar spine is one of the components that influence on THOR‟s upper 

thorax response. The bending stiffness was evaluated by lumbar spine flex joint bending test. Two THOR 

ATDs attached with the thickest and thinnest ribs were selected. The thorax deflection was measured by upper 

thorax qualification tests. 

 

It was found that the CV of THOR-50M was larger than that of the HIII-50M. Also, it was found that the 

upper X-axis and Z-axis thorax deflection of the THOR-50M with the thinnest ribs was about 5 % larger than 

that of the THOR-50M with the thickest ribs. In the upper Z-axis thorax deflection, the difference between two 

ATDs attached with the same ribs was about 7% 

 

The thorax of THOR-50M has more complex structure than that of HIII-50M, so the R&R of THOR-50M 

might be lower than that of Hybrid III in thorax response. It is believed that the THOR-50M‟s upper thorax 
deflection is influenced by rib cage stiffness which depend on the thickness of ribs. In order to improve R&R, 

it is recommended that rib thickness be certified, as is done for the HIII-50M. The bending stiffness of 

THOR‟s lumbar spine might have a contribution to increasing Z-axis deflection.  

 

In conclusion, a certification method for guaranteeing rib characteristics is required for minimizing the 

variation of the upper X-axis and Z-axis thorax deflection. For future studies, the influence of other THOR-

50M ATD components on the upper thorax deflection should be investigated.
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INTRODUCTION 

 

As shown In the United States, though the number of 

fatalities decreased from 2005 to 2010, it is currently 

comparable to that of 7 years ago. Thorax injuries are 

one of the main causes of fatalities and severe 
injuries in auto traffic accident(Cuerden et. al. 2006), 

so addressing this issue is required to promote 

additional fatality reduction. Assessing injury values 

according to human body leads to develop the 

implementation of restraint systems and airbags and 

reduces the number of fatalities and severe injuries in 

car crashes. ATDs are used for assessing injury 

values in many countries and continuously being 

improved biofidelity and measurement capability. 

 

In 1976, the HIII-50M ATD was first released. 

Currently, this is the device to assess the injury 
values in the frontal crash tests throughout the world 

(Foster et. al. 1977). The National Highway Traffic 

Safety Administration (NHTSA) of the U.S. 

acknowledged need for improved biofidelity and 

measurement capabilities of the Hybrid III (Backaitis 

et. al. 1979). NHTSA announced plan to develop an 

advanced crash test ATD in 1992. The THOR-50M 

ATD was launched in 1996, and subsequent design 

changes included the THOR Alpha in 2001 and the 

THOR NT in 2005(Martin et. al. 2007). In 2011, 

NHTSA updated the THOR NT to improve the 
usability, durability, and biofidelity (Ridella et. al. 

2011). THOR-50M ATD is considered to be the 

next-generation injury assessment device in place of 

the current Hybrid III ATD. 

 

THOR-50M ATD has enhanced biofidelity and 

additional capabilities to measure injury values. By 

using biomechanical data, some components of 

THOR (such as, face, neck, shoulder, thorax, thoracic 

spine, abdomen, pelvis, and femurs) have been 

redesigned to simulate the human body in response to 

impact loading (Rangarajan et al., 1998, Xuet al., 
2000). In the thorax, the structure has been improved 

dramatically. THOR-50M ATD ‟s thoracic spine 

consists of a flexible rubber link, while the Hybrid 

III„s thoracic spine is rigid from the lumbar spine to 

the neck. The THOR-50M ATD‟s rib cage has been 

redesigned to approximate human rib geometry and 

structure (Greg et. al. 2004). In addition, new 

measurement equipment has been adopted to better 

evaluate deflection of THOR-50M‟s thorax. 

Deflection of the thorax is measured by the sternal 

potentiometer in the Hybrid III, while it is measured 
directly by light reflective displacement meter which 

called the Infrared Telescoping Rod for Assessing of 

Chest Compression (IR-TRACC) in the THOR-50M. 

The IR-TRACC enables to measure the 3D 

compression of the ribs, and is located at four points 

of thorax in THOR-50M (Kazuhiro et. al. 2006). 

 

For ATDs, the basic performance repeatability and 

reproducibility (R&R) is assessed by certification 

procedures. Using ATDs with sufficient R&R 
enables manufacturers to evaluate automobile crash 

performance which aids development of the body 

structure and restraint systems. The repeatability of 

THOR-50M prototype was evaluated in sled tests and 

compared to that of HIII-50M ATD. The response of 

THOR-50M prototype in some restraint modes are no 

less repeatable than that of Hybrid III in sled tests. 

However, THOR‟s response is not as repeatable as in 

the thorax qualification test (Lan et. al. 2000). On 

components test, THOR‟s thorax is needed to 

improve R&R in order to assess injury values exactly 

and be spread widely. In Hybrid III, the 
characteristics of ribs are certificated as one of the 

way to improve R&R (Okubo et. al. 2009). The effect 

of rib characteristics on the THOR-50M thorax 

response has not been studied in this manner. 

  

This paper reports on the evaluation of R&R by 

conducting thorax qualification test. The thorax 

deflection of THOR-50M ATD‟s were compared 

with that of HIII-50M ATD‟s for each risk curve. In 

addition, the components of THOR-50M‟s thorax 

(such as ribs and a lumbar spine) were studied to 
assess thier influence on the thorax response. 

 

 

METHODS  

 

For THOR-50M, the upper thorax qualification test 

was conducted using the THOR 50th Percentile Male 

(THOR-50M) Qualification Procedure Manual 

DRAFT (NTHSA 2016). Figure 1 (a) shows setup of 

upper thorax test. In this test, a probe with a mass of 

23.36 ± 0.02 kg and a 152.40 ± 0.25 mm diameter 

rigid disk impact interface (the same equipment used 
in a similar qualification test for the Hybrid III 50th 

percentile male ATD) contacts the ATD at mid-

sternum level at 4.30 ± 0.05 m/s . By reading each tilt 

sensor, the angle of T6 and Pelvis was set at the 

qualification setup parameters (T6: X= 0 ± 0.5°, Y= -

4 ± 1°, Pelvis: X= 0 ± 0.5°, Y= 15 ± 1°). Figure 2 

shows the polarity of T6 and Pelvis . 
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(a)THOR                               (b) Hybrid III 

 
Figure 1. Setup of the thorax qualification test 

 

 
 

Figure 2.  Polarity of T6 and Pelvis tilt sensor 
 

For HIII-50M ATD, the thorax impact test was 
conducted by Low Speed Thorax Impact Test 

Procedure for the Hybrid III 50th Male ATD (SAE 

International 2007). Figure 1 (b) shows setup of 

thorax impact test.The probe condition such as size, 

mass, and speed was same as that of THOR ATD. 

The ribs both longitudinally and laterally were 

adjusted to ± 0.5°and the pelvis angle was adjusted to 

13 ± 2°. 

Table 1 shows thorax qualification test matrix. For 

three THOR and five Hybrid III ATDs, thorax 

deflection was measured three times by each 
certification procedure. In order to distinguish the 

three THOR ATDs, they were named THOR Aa, 

THOR Bb, THOR Cc. For example, the body and rib 

cage that THOR Aa has was defined as THOR A and 

Rib cage a. Similarly five Hybrid III ATDs were 

named HY III A, HY III B, HY III C, HY III D, HY 

III E, HY III F. 

 

 

 

 

 
 

 

 

 

 

Table 1. 

Thorax qualification test matrix 

 

TEST 

Number 

ATD 

name 

Body 

name 

Rib cage 

name 
ATD 

Number 

of test 

1 
THOR 

Aa 
THOR A Rib cage a 

THOR-50M 

50thMale 
3 

2 
THOR 

Bb 
THOR B Rib cage b 

THOR-50M 

50thMale 
3 

3 
THOR 

Cc 
THOR C Rib cage c 

THOR-50M 

50thMale 
3 

4 HY III A -  
HIII-50M 

ATD 
3 

5 HY III B -  
HIII-50M 

ATD 
3 

6 HY III C -  
HIII-50M 

ATD 
3 

7 HY III D -  
HIII-50M 

ATD 
3 

8 HY III E -  
HIII-50M 

ATD 
3 

9 
THOR 

Ac 
THOR A Rib cage c 

THOR-50M 

50thMale 
3 

10 
THOR 

Ca 
THOR C Rib cage a 

THOR-50M 

50thMale 
3 

 

 As criterion for evaluating the R&R, the coefficients 

of variation (CV) value of the deflection was 

calculated by Equation 1. The CV is the ratio of the 
standard deviation of the peaks over the mean of 

peaks, which is commonly used in the ATD R&R 

analysis (J.Foster 1977). The calculated CV was rated 

according to table 2(NTHSA 2006). 

 

 

(Equation1) 
 

 

Table 2. 

Rating for the R&R in qualification tests 
 

CV Index 

0 – 5% Excellent 

＞5– 8% Good 

＞8– 10% Acceptable 

＞10% Unacceptable 

 

Equations 2 shows THOR-50M‟s risk curve and 

Equation 3 shows HIII-50M‟s risk curve for thorax 

deflection. The thorax deflection was converted into 

injury risk probability because the THOR is different 

from the Hybrid III with regards to risk curves, the 
measurement equipment, and the measurement 

points. 

 

 

CV Value (%) = 
1S.D.

Average
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                                         (Equation 2) 

 

 

 

                                                          

        (Equation 3) 
 

In order to investigate the effect of the characteristics 

of ribs on the upper thorax response, the thickness of 

all THOR‟s ribs were measured. Figure 3 shows the 

von Mises stress distribution of ribs in the upper 

thorax qualification test. The von Mises stress was 

calculated by the computer simulation using 

Humanetics THOR 50th Metric LS-DYNA Model 

Version 1.0. At the time of peak thorax deflection, 

the von Mises stress is distributed on the edge side of 
ribs. Therefore, the ribs thickness of the edge side 

was measured. Figure 4 shows the measurement 

points of rib thickness, and Table 3 shows the angle 

for specifying  the measurement points. α was 

midangle between Line a and the horizontal line. 

Line a passed the Point a which showed the edge of 

ribs. For one rib, the thickness of 4 points was 

measured. The average thickness between L1 and R1, 

L2 and R2 was calculated respectively.   

 

 
 

Figure 3.  von Mises stress distribution at the 

time of peak deflection 
 

 
 

Figure 4.  Measurement point of ribs thickness 

 

Table 3. 

The angle for specifying the measurement 

points of ribs thickness 

 

Rib order  α 

1st 25° 

2nd 25° 

3rd 30° 

4th 35° 

5th 25° 

6th 30° 

7th 15° 

 

The lumbar spine is one of the components that 
influence THOR‟s thorax response except for ribs. 

For the lumbar spines  of THOR A and THOR C, its 

bending stiffness was evaluated by referencing 

lumbar spine flex joint bending test (FTSS 2006) as 

shown in Figure 5. LUMBAR SPINE FLEX JOINT 

ASSEMBLY attached a rigid iron plate with bolts 

was fixed on the floor. The initial position of the 

assembly was adjusted to 0 ± 1°. A wire threaded 

though the top of the iron plate was pulled from the 

initial position to 15 ± 1° at a rate of 1-2°/second by 

load cell. The tensile load was measured every five 
degrees, and the flection bending moment was 

calculated by Equation 4. M is bending moment, F is 

the force reading the load cell, and 0.305m is the 

length of plate. 

 

Hybrid III 

P(AIS+ ≧ 3) 

=1/(1+𝑒(10.5456−1.568∗(𝐶ℎ𝑒𝑠𝑡−𝐷𝑒𝑓.[𝑚𝑚])0.462)) 

THOR 

P(AIS ≧ 3) = 1 –𝑒− 
𝑅max
59.865 

2.7187
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Figure 5.  Lumbar spine flex joint bending test 

                                                                 

(Equation 4) 
 

Rib cages were exchanged to investigate the effect of 

the characteristics of ribs on the upper thorax 

deflection. At the 3rd rib equipped with the top of IR-

TRACCs, the difference of thickness was largest 

between Rib cage a and Rib cage c. Thin ribs 
probably lead to reduce stiffness of the rib cage. 

Therefore, all THORAX ELLIPTICAL RIBs and 

THORAX ELLIPTICAL RIB STIFFENERs were 

exchanged between THOR Aa and THOR Cc. The 

effects were evaluated by the upper thorax 

qualification test similarly. This test matrix is shown 

in Table 1. The tests were conducted three times at 

each condition. 

 

 

RESULTS 
 

For three THOR-50M and five HIII-50M ATDs, the 

thorax qualification test was conducted three times 

respectively according to each procedure. Figure 6 

shows the initial angles of tilt sensors at the upper 

thorax qualification  test in THOR-50M ATD. In all 

tests, the angles of LTS and Pelvis were within the 

blue line that shows the specified range of the 

procedure. The CV value was calculated  to evaluate 

the R&R in the thorax response of THOR and Hybrid 

III ATDs. Figure 7 shows the CV  of the THOR‟s 
and Hybrid III‟s thorax deflection in thorax 

qualificattion test. For the THOR-50M ATD, the CV 

of THOR Bb and TOTAL were good although that of 

all Hybrid III were excellent. The R&R of THOR 

was lower than that of Hybrid III for the thorax 

qualificattion testing. As shown in Figure 8, THOR‟s 

and Hybrid III‟s thorax deflections were converted 

into injury risk probability. The largest difference of 

injury risk was calculated respectively for all tests. 

The injury risk variation for THOR-50M ATD‟s was 

about 8.4%, although that of HIII-50M ATdsIII was 

0.6%. Therefore, THOR is required to improve the 
R&R in thorax qualification test. 

 

 
(a) T6 

 
(b) Pelvis 

 

Figure 6.  Initial angles of tilt sensor 

 

 
(a) THOR 

 
(b) Hybrid III 

 

Figure 7.  CV value of thorax deflection in thorax 

qualification test 
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(a) THOR 

 
(b) Hybrid III 

 

Figure 8.  Injury risk in THOR’s and Hybrid 

III’s thorax qualification test 

 
In order to investigate how the characteristics of 

ribs influence on the upper thorax response, the 

thickness of all THOR ATDs ribs were measured. 

Figure 9 shows the average thickness of the 3rd 

rib. L1 & R1 and L2 & R2 refer to the average 

between L1 and R1, L2 and R2. At the L1 & R1 

and L2 & R2 points, it was observed that the 

thickness of Ribs cage c was approximately 0.7 

and 0.4 millimeters thinner than that of Rib cage a. 

 

 
 

Figure 9.  Rib thickness of THOR 

For components other than the rib cage, the lumbar 

spine might have an effect on the THOR-50M 

ATD‟s thorax response. Therefore, a lumbar spine 

flex joint bending test was conducted to evaluate 
the flexion bending moment. Figure 10 shows that 

the flexion bending moment of LUMBAR SPINE 

FLEX JOINT ASSEMBLY and bending angle. At 

10 degrees (which is the initial angle of lumbar 

spine in upper thorax qualification test), the 

bending moment of THOR C was about 2.8 N・m 

greater than that of THOR A. Therefore, THOR 

C‟s LUMBAR SPINE FLEX JOINT ASSEMBLY 

had high flexion bending stiffness. 

 

 
 

Figure 10.  Bending moment in lumbar spine flex 

joint bending test 
 

In the third rib, the thickness of Rib cage c was 

thinner than that of Rib cage a. Therefore, the Rib 

cage a and c were exchanged in each ATD and 

thorax qualification tests were conducted on them. 

The average of three tests was calculated between 

upper left and right thorax deflection. Figure 11-1 

shows the thorax deflection of THOR in X-axis 
and Z-axis. Figure 11-2 (a) and (b) show X-axis 

and Z-axis deflection. THOR Aa & Ac refers to the 

average deflection between THOR Aa and THOR 

Ac. In the same rib cage, X-axis and Z-axis 

deflection of THOR Ac & Cc was about 5% 

greater than that of THOR Aa & Ca, regardless of 

other components. In the same body, the average 

Z-axis deflection of THOR Ca & Cc was about 

7 % greater than that of THOR Aa & Ac, 

regardless of rib cages. Therefore, the 

characteristics of rib cages have a big influence on 

X-axis and Z-axis thorax deflection and the 
characteristics of components except for a rib cage 

have a big influence on Z-axis thorax deflection. 
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(a) X-axis deflecion 

 

 
(b) Z-axis deflecion 

 

Figure 11-1.  Deflection in thorax qualification 

test 
 

 
(a) X-axis deflecion 

 

 
(b) Z-axis deflecion 

 

Figure 11-2.  Deflection in thorax qualification 

test 
 

 

DISCUSSION  

 

As shown in Figure 7, the R&R of the THOR-50M 

ATD was worse than that of Hybrid III in thorax 

qualification test. The reason is that the thorax of 

THOR  has more complex structure, such as the 
flexible spine and the rib top connected by THORAX 

OUTER BIB which is soft, than that of HIII-50M 

ATD. In addition, the THOR‟s spine consists of 

several flexible components and sensors to measure 

injury values. 

 

As shown in Figure 11-2(a) and (b), X-axis and Z-

axis thorax deflection of the ATD attached with Rib 

cage c was about 5% greater than that of Rib cage a. 

As shown in Figure 9, the thickness of Rib cage c 

was thinner than that of Rib cage a at the 3rd rib 

equipped with the top of IR-TRACCs. Therefore, the 
difference of thorax deflection might be caused by 

the rib cage stiffness depended on the rib thickness. 

In order to improve the R&R, rib stiffness should be 

certified. A mass drop test similar to that used for the 

Hybrid III might be appropriate for this qualification. 

 

Aditionally, figure 11-2(b) shows that the deflection 

of THOR Ca & Cc was about 7% greater than that of 

THOR Aa & Ac. It is believed that some components 

other than rib cage influence Z-axis deflection. 

Figure 12 shows the T4 X-axis displacement at the 
time of peak Z-axis deflection. THOR Aa & Ac 

refers to the average displacement between THOR 

Aa and THOR Ac. T4 X-axis displacement of 

THOR Ca & Cc was 2.5mm greater than that of 

THOR Aa & Ac. As shown in Figure 10, the flexion 

moment of THOR C was greater than that of THOR 

A at 10 degrees, which is the initial angle of lumbar 

spine in upper thorax qualification test. Figure 13 

shows the schematic of thorax response in upper 

thorax qualificaton test. Increasing the bending spine 

at peak Z-axis deflection causes the IR-TRACCs to 

rotate in the Y-axis. The high bending stiffness of 
lumbar spine might increase the rotating spine. 

Therefore, the high bending stiffness of lumbar spine 

might have a contribution to increasing Z-axis 

deflection. 

In a future study, it is necessary to confirm the effect 

of the lumbar spine flexion moment on thorax 

deflection. As the ribs, the lumbar spine certification 

based on bending stiffness may be required. 
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Figure 12.  T4 X-axis displacement at the peak 

Z-axis deflection in THOR’s upper thorax 

qualification test 

 

 
 

Figure 13.  The Schematic of thorax response 

in THOR’s upper thorax qualification test  

 

 

CONCLUSION 

 
Using  several thorax qualification tests, the 

following conclusions were obtained. 

 

For three THOR and five Hybrid III ATDs, the 

thorax deflection was measured three times by each 

certification procedure. On the thorax response, the 

R&R of THOR-50M ATD was lower than that of 

HIII-50M ATD. 

 

The X-axis and Z-axis thorax deflection of the THOR 

ATD correlates with the rib cage stiffness and rib 

cage stiffness was shown to correlate with rib 
thickness. Therefore, it is important that the ribs 

thickness was controlled to enhance the 

reproducibility in thorax response. 

 

The Z-axis thorax deflection of the THOR is 

correlated with the rotating spine, regardless of the 

rib thickness. The rotating spine is correlated with 

bending stiffness of lumbar spine. In order to further 

explore opportunities for R&R enhancements,  future 

studies should study the effect of lumbar spine 

characteristics as well as other ATD components. 

 

 

REFERENCES  
 

[1] Cuerden R., Damm R., Pastor C., “An Estimation 

of the Costs and Benefits of Improved Car to Car 

Compatibility on a National and European Scale”, 

VC Compat Growth project GRD2-2001-50083, 

Deliverable D24, 2006. 

[2] Foster J.K., Kortge J.O. and Wolanin M.J., 

"Hybrid III- A Biomechanically-Based Crash Test 

ATD," Proceedings of the 21st STAPP Car Crash 

Conference, 1977 

[3] Backaitis S. and Haffner M., “Development of the 

NHTSA Advanced ATD for the Occupant Protection 
Standard Upgrade,” 7th International Technical 

Conference on the Enhanced Safety of Vehicles, 

1979 

[4] Martin, P., Shook, L. (2007) “NHTSA's THOR-

NT database. 20th Internatinal Technical Conference 

on the Enhanced Safety of Vehicles”, Lyons, France, 

Paper No. 07-0289, 2007 

[5] Ridella, S., Parent, D. (2011) “Modifications to 

Improve the Durability, Usability, and Biofidelity of 

the THOR-NT ATD”,  21st Internatinal Technical 

Conference on the Enhanced Safety of Vehicles, 
Stuttgart, Germany, Paper No. 09-0555. 

[6] Rangarajan, Shams, T.,N.,White, R., Oster, J, 

Hjerpe, E., Haffner (1998). “Response of THOR in 

Frontal Sled Testing in Different Restraint 

Conditions”, IRCOBI Conference Proceedings, Sept. 

1998 

[7] Xu L, Jensen J, Brynes K, Kim A, Agaram V, 

Davis K, Hultman R, Kostyniuk G, Marshall M, 

Mertz H, Nusholtz G, Rouhana S, Scherer R., 

“Comparative performance evaluation of THOR and 

Hybrid III”, SAE paper no. 2000-01-0161 SAE, 

Warrendale, PA. 2000 
[8] Greg Shaw, David Lessley, Jim Bolton and Jeff 

Crandall, “Assessment of the Thor and Hybrid III 

Crash ATDs: Steering Wheel Rim Impacts to the 

Upper Abdomen” 2004 SAE World Congress 

Detroit, Michigan March 8-11, 2004 

[9] Kazuhiro Onda, Fumio Matsuoka, Koshiro Ono, 

Masami Kubota, Martin Peter and Zhao Youmei, 

“Differences in the Dynamic Responses of the Thor-

NT and Thor-FT ATDs”, 2006 SAE World Congress 

Detroit, Michigan April 3-6, 2006 

[10] Lan Xu, Venkatesh Agaram, Stephen Rouhana, 
Robert W. Hultman, Gregory W. Kostyniuk, Joseph 

McCleary, Harold Mertz, Guy S. Nusholtz and Risa 

Scherer, “Repeatability Evaluation of the Pre-

Prototype NHTSA Advanced ATD Compared to the 

15

16

17

18

19

20

21

22

23

24

25

THOR Aa THOR Ac THOR Ca THOR Cc

T
4

 X
-a

x
is

 d
is

p
la

c
e
m

e
n

t 
 (

m
m

) 



Hikida 9 
 

Hybrid III”, SAE 2000 World Congress Detroit, 

Michigan March 6-9, 2000 

[11] Masami Kubota, Masakatsu Ikenobe, Mitsuhiro 

Matsumoto, “ Improvement of accuracy in Hybrid III 

thoracic certification”, JARI Research Journal, 

February 2003 
[12] NHTSA, “THOR 50th Percentile Male (THOR-

50M) Qualification Procedures Manual”, August, 

2016 

[13] SAE International, “Low Speed Thorax Impact 

Test Procedure for the HIII 50th Male ATD”, JAN, 

2007 

[14] Foster, J., Kortge, J., and Wolanin, M., "Hybrid 

III-A Biomechanically-Based Crash Test ATD," SAE 

Technical Paper 770938, 1977 

[15] NHTSA, “SID-IIs Final Rule”, 71 FR 75342, 

Docket 25442, December, 2006 

[16] First Technology Safety Systems, Inc., "User 
Manual THOR-FT Rev D 2006-04-27", Part No. 

470-9900, April, 2006 



 Bosma 1 

 

A SIMULATION STUDY ON THE EFFECT OF AEB ON INJURIES ON 50% OCCUPANTS 

 

Freerk Bosma 

Paul van Hooijdonk 

Martin Tyssens 
TASS International 
The Netherlands 
 

Kajetan Kietlinski 

Michiel Unger 
TASS International 
Germany 

 

Paper Number 17-0281 

 

ABSTRACT 

The paper presents a simulation study on the effects of varied crash speed (due to pre-crash deployment of 

Automated Braking System) on the injuries sustained by vehicle occupants in a subsequent crash. The 

methodology used for the study, has been previously outlined (1), showing the effects of altered pre-crash 
conditions due to emergency braking. The present study focuses on exploring the adaptability potentials of 

existing state-of-the-art restraint systems to protect occupants even better under different collision conditions 

created by deployment of AEB.  

In the simulation study, a generic passenger vehicle (d-class) is exposed to a reference 56 km/h USNCAP Full 

Width Frontal test preceded by emergency braking of about 0.8g derived from vehicle testing. In order to 

investigate the effect of collision speed on the efficiency of occupant protection, a crash pulse scaling method 

was developed and accordingly applied. This allowed to investigate the case at every random crash speed below 

56 km/h. 

All simulations are performed in MADYMO (a multibody, numerical solver) and use 3 different 50%-ile 

occupant models: Active Human Model (AHM), Hybrid III and THOR. 

The results show significant capacities of a DOE optimized safety system in reducing AIS 2+ injury risk for the 

varied collision speed, especially in the range of 25-40 km/h delta V. 
The introduction of adaptability of restraint system settings to the varied collision speeds (different than 

specified by test protocols) resulted in significant improvement of occupant protection. It is thus anticipated that 

introduction of further system adaptations to the other crash condition parameters will have similar or even more 

pronounced beneficial effect. Further studies will be focused on adapting restraint systems to varied occupants 

parameters (size, BMI, age), occupant out of position and also collision conditions e.g. crash angle or crash 

severity based on predictive detection and classification of collision participants.  
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1. INTRODUCTION 

Road vehicles are increasingly equipped with active 

safety systems that aid the driver in preventing 

collisions e.g. autonomous emergency braking (AEB) 

or lane keeping assistance (LKA). These systems use 

sensing technologies like radar, LIDAR and cameras 

and are designed and introduced as safety systems 
that help avoid crashes or mitigate injuries when 

crashes are unavoidable. 

Previous investigations on the effect of autonomous 

braking and/or evasive steering on the occupant’s 

position have shown, that the occupant being out of 

position may result in an altered injury mechanism 

during the crash (2)(3). Furthermore, 

countermeasures like predictive pre-pretensioning (3) 

are effective in reducing the occupant’s out-of-

position situation provided that the timing of the pre-

tensioning of the belt is optimally chosen. 

With the introduction of active safety systems the 
possibility to estimate the conditions of an imminent 

collision has arisen. In case of an upcoming collision 

that cannot be avoided, the information about the 

expected crash conditions (e.g. direction, delta-v) or 

about the travelling occupants (e.g. size, BMI, age, 

initial position) creates possibilities to pre-set  and 

control occupant restraint systems to ensure 

maximum protection for the specific collision that is 

about to happen. 

Current state-of-the-art occupant safety systems are 

very mature in supplying maximum protection for the 
crash conditions as defined by legal or consumer test 

protocols. However, the level of protection of 

occupants secured by the same restraint safety 

systems is not monitored for non-standardised 

collision conditions e.g. for cases where after 

deployment of an autonomous braking system the 

collision speed is reduced and the occupant’s initial 

positions are altered by pre-crash braking loading. 

Creation of occupant safety systems that intelligently 

adapt to the variety in state, anthropometry and age of 

occupants and changing conditions of road collisions 
is the next challenge in the development of occupant 

safety systems. A recent study on Occupant 

Classification and Adaptation (4) presented a 

balanced operation of Motorized Seat Belt, belt load 

limits and airbag firing times and showed the 

significance of using occupant state information to 

improve their protection during the crash. 

 

This paper builds on the earlier presented 

methodology (1) that enables engineers to study 

various accidents and implement adequate 

adaptability to the existing restraint systems to further 
optimize them for varying collision conditions. 

The methodology is demonstrated in the example 

case study of a frontal collision preceded by the 

activation of AEB. 

 

 

 

2. METHODOLOGY 

The Integrated Safety System is a vehicle safety 

system in which active safety systems and passive 

safety systems continuously exchange information 

regarding occupant state and vehicle state to provide 

the maximum protection to the occupants. Integrated 

Safety is a relatively new domain in the automotive 
safety landscape and design processes are starting to 

be adapted to account for a further integration of 

passive and active safety system design. The 

proposed methodology (1) of building such systems 

is illustrated in Figure 1. 

 

 
Figure 1.  Integrated Safety Methodology: 

Development & test loops for proving the benefit for 

human occupants for real life accidents. 

 

The process described in the inner box (grey) 

illustrates the current approach to safety system 

development in which the in-crash system variables 

(e.g. DAB or PAB parameters, pre-tensioner and 

load-limiter settings etc.) are tested under laboratory 

conditions and the efficiency of the system settings is 

then measured on Anthropometric Test Devices. 
The development process (outer orange) for the 

presented methodology proposes to include all 

system variables relevant in a complete pre- and in-

crash event (e.g. pre-crash occupant state control 

settings,), test them under computer simulated real-

life crash conditions based on accidentology 

databases, and finally measure the effect of the safety 

system on a human model that accommodates 

predictive and biofidelically valid behaviour for both 

pre- and in-crash phases being a complete collision 

event.  

The development process for creating safety systems 
is broken down further to the consecutive steps 

illustrated in Figure 2. Step 1 represents a reference 

model with state-of-the-art system configuration 

developed according to the current development 

standards (grey box in the Figure 1). In Step 2, the 

ATD is replaced with an Active Human Model 

(AHM) that can well predict human behaviour in 

both low-g conditions (pre-crash) and under high-g 

conditions (in-crash). Step 3 introduces pre-crash 

conditions that affect occupant entry state into the in-

crash phase. In the investigated case the affecting 
factor is emergency braking. Step 3 becomes a 
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reference for the next steps 4 & 5 in which the 

occupant restraint systems (working both in pre- and 

in-crash)  are being designed in DOE processes to 

become adaptive to varying crash conditions. In step 

4 the laboratory test conditions are varied (e.g. 

reduced crash speed and occupant out of position due 

to deployment of AEB) and in step 5 test protocol 

conditions are fully replaced with the conditions 

following road accidentology databases. Since any 

automotive safety system needs to comply with legal 

requirements and should also perform well in 
industry recognized consumer testing, in step 6, the 

adaptive system created in steps 4 & 5 is eventually 

confronted with the original system under the 

conditions defined by the respective testing protocols. 

 

 
Figure 2.  Concept system development & testing 

process. 

 

The methodology thus builds on and extends 

currently accepted passive safety development 

processes and by definition results in integrated 

safety systems that perform equally well or better 

than the original system which satisfies the legal and 

consumer test conditions. 
The methodology presented (1) uses the Active 

Human Model (AHM), a 50%-ile human that can 

predict occupant kinematics during dynamic 

manoeuvres in pre-crash phase, as well as biofidelic 

response in high-g crash conditions (5)(6)(7).  

The simulations are all performed in MADYMO: A 

numerical solver that computes  occupant behaviour, 

its environment, contact interaction and all other 

physical phenomena relevant for reproducing a 

complete collision event. 

 

3. APPLICATION 

The methodology is illustrated by focussing on a pre-

defined frontal collision accident in which an existing 

passive safety design is supplemented with an AEB 

system. In a previous study we analysed how this 

modification affected the occupant’s safety by 
focussing on the human kinematics and the resulting 

changes in injury mechanisms for a series of generic 

vehicle models (1). Here we found that the effect of 

the altered pre-collision conditions as a result of AEB 

had a positive effect on injury risk due to a pre-

tensioning of the safety belts resulting in a softer 

occupant velocity ride down. Similar findings were 

later confirmed by other researchers (8). 

In this paper we extend our analysis to include all 

representations of 50%-ile humans, i.e. the Hybrid-III, 

the THOR and the Active Human and include also 

effects of the variable impact speed on the crash pulse 

and airbag trigger time. We necessarily limit the 

study to one generic vehicle from our model database 

(a d-class vehicle) in one load-case, the 35mph 

USNCAP Full Width Frontal test. For this load-case 

we focus on the estimation of injury risk at lower 
impact speeds as a result of AEB. 

 

3.1 Crash Pulse Scaling 

To be able to perform crash simulations in 

MADYMO with varying impact speeds, i.e. impact 

speeds lower than the protocol impact speeds, we 

developed a method to “predict” the crash pulse at 

these lower impact speeds. This aims to quantify the 

benefit of an AEB system and compares effectiveness 

of different AEB systems and AEB algorithms (9). 

 
With the traditional simulation method the vehicle 

crash pulse is (inversely) applied to the occupant, or 

the vehicle crash pulse is applied to the interior 

vehicle parts (as in a sled test), see Figure 3. 

  

 
Figure 3.  Schematically representation of the 

traditional method of applying a crash pulse in a 

MADYMO occupant simulation. 

 

For each crash simulation at a different impact speed 

the acceleration pulse needs to be modified. In our 

case we only have the availability of crash pulses of 

impacts at protocol speed (35mph, USNCAP) . To 

include the impact speed as a variable in our 

simulations we base the simulations on a single 

model validated at protocol speed (35 mph USNCAP) 

and supplement this with a crash pulse scaling 

method, see Figure 4.  

 

 
Figure 4.  Schematically representation of the Pulse 

Scale method in an MADYMO occupant simulation. 

The interior parts are attached to a body with the 

vehicle mass which is given the required initial 
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velocity (=impact speed). The vehicle stiffness is 

represented by the Force deflection characteristic of 

the vehicle. The required force deflection 

characteristic is derived from the vehicle acceleration 

of the USNCAP crash tests, measured close to the 

occupant (for example B-pillar base).  

More details about the Pulse Scaling method are 

described in Bosma et. al.(10) .  

 

3.2 Airbag Firing 

With the ability to simulate vehicle impacts at 
different impact speeds we also need to adapt the 

firing of the safety systems like airbag and belt pre-

tensioners. A commonly used general guideline to set 

the time requirement for this is the so-called  5”-

30ms  rule (11). This rule is based on the assumption 

that an unbelted occupant moves 5 inches before the 

airbag is fully deployed and that full airbag 

deployment takes 30 ms. In an example where an 

unbelted occupant moves 5 inches in 50 ms, the 

airbag firing time requirement then equals 50ms-

30ms=20 ms.  
 

For our generic d-class vehicle we performed the fire 

time calculations according the 5”-30ms rule and 

plotted these against the impact speed as shown in 

Figure 5. For the MADYMO simulations we created 

a construction in the MADYMO input file with 

DEFINES and regular expressions such that below 20 

km/h the airbags are not inflated and above 65 km/h 

we keep a constant firing time at 8 ms. For the impact 

speeds between 20 and 65 km/h the corresponding 

fire time is calculated automatically. In the 

MADYMO simulations the airbag triggering is then 
automatically changed when the impact speed 

changes. 

 

 
Figure 5.  Airbag Firing Time as function of the 

impact speed. 

 

3.3 Braking Pulse 

To simulate the AEB event we chose two 

deceleration levels, 0.4g and 0.8g. The braking 

decelerations were taken from a series of volunteer 

tests that we conducted to enhance the pre-collision 
motion of our MADYMO AHM. These curves are 

shown in Figure 6. 

 

 
Figure 6.  Braking Pulses used in the simulation 

study. 

 

3.4 Simulation set-up 

In the presented study we created separate 

MADYMO models for driver and passenger with 

50%-ile occupants (HybridIII, THOR and AHM).  

For the pre-collision phase we chose to describe this 

motion via a FREE_ROT_DISP joint which describes 

the AEB braking motion. Although in the presented 

study we focus on AEB, the chosen method allows us 
to simulate any pre-collision motion via this method 

(see Figure 7).  

 

 
Figure 7.  MADYMO model set-up. 

 

In the chosen set-up we simulate 2 seconds of the 

pre-collision phase. At t=0 the model switches to the 

crash phase using the calculated crash stiffness 

derived from the Pulse Scaling Method for this d-

class vehicle. Twelve different impact velocities are 

simulated ranging from 5 to 60 km/h in steps of 5 

km/h. 
 

3.4 AIS Injuries 

To estimate and quantify the relative benefit of 

impact speed reduction as a result of AEB we used 

AIS2+ (see Table 1) injury risks in our simulation 

study (12)(13)(14). The AIS severity scale is a 

relative scale of threat to life. Most protocols are 

based on the risk of AIS3+ injuries with the objective 

to reduce fatalities. However, there are also injuries 

with lower AIS severity (15) which can cause a 

significant loss in body functions and are therefore 

considered to be a cost for society. Although we 
realise that what is missing is a fundamental injury 

value that addresses this risk of loss of body 
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functions. The calculation of risks for lower severity 

injuries is a start to assess these kinds of injuries that 

do not affect fatality numbers but may have a big 

impact on long term health and trauma. 

 

It must be noted that some of the used AIS2+ 

functions show a large offset at zero loading resulting 

in a Pjoint of 0.316. The absolute injury risk 

predictions we therefore consider not to be entirely 

correct. To evaluate the relative injury risk 

improvements we shifted these functions to zero. 
 

Table 1.  

Injury Risk curves for AIS2+ used in this study. 

 

Body 

Region 
Hybrid-III, THOR, AHM 

Head (12) 
HIC15  

Neck (13) 
Nij 

 

Chest (13) 

 
Defl. [mm] 

Chest3ms 

[g] 

CTI 
 

 
Femur 

(13) 
Force [kN]  

All (14) 
 

 

 

4. STUDY RESULTS 

For the results of step 1, 2 and 3 of the methodology 

we refer to Tijssens et.al. (1) for a detailed 
description. In this paper we focus to present the 

results of step 4. 

 

4.1 Step 4: Reference and AEB  

In Tijssens et. al. (1) we reported that the AHM 

showed a significantly larger forward motion due to 

an activation of AEB compared to a Hybrid-III under 

the same loading conditions. In our recent study we 

now compared the forward motion of the occupants 

when subjected to the 0.4g and 0.8g braking pulse 

with and without the activation of new restraint 

functions. In the current study we added a Motorised 
Seat Belt (MSB) to the models that is activated at the 

same time of AEB.  

 

We calculated the relative displacements of  the 

occupants and compared these with the initial 

positions. The chosen output locations are shown in 

Table 2.  

Table 2. 

Relative displacement location outputs. 

 

AHM Hybrid-III THOR 

Head Head Head 

T1 NeckPlateLow ThoracicSpineUp 

T12 ThoracicSpine ThoracicSpineLow 

 LumbarLC1  

Pelvis Pelvis Pelvis 

 

Looking at the relative motions between the three 

simulated occupants we have seen that the AHM 

shows more forward motion compared to the Hybrid-

III and THOR.This can be seen in the left row of 

motions for the passenger in Figure 8. Comparing 

these results with the volunteer tests that we 

conducted we clearly see that the AHM is closer to 

what we measured in these tests on the volunteers. 
Although the Hybrid-III and the THOR also show a 

forward motion it is found that the performance of 

the AHM is closer to a real life situation.  

 

 
Figure 8.  Passenger AEB positions compared with 

Initial positions with 0.8g braking. 

  

With the activation of the MSB we observed a 
significant reduction of the forward motion of the 

occupants, see the right column of occupant motions 

of Figure 8, where the AHM still shows a significant 

larger forward motion compared to the Hybrid-III 

and THOR. 

 

 

 

4.2 Step 4: DOE results 
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In the presented study we have used the impact speed 

as a variable in order to quantify relatively the benefit 

of an AEB system for a standard state-of-the-art 

restraint system. We performed these simulations 

using the AHM, Hybrid-III and THOR for both 

driver and passenger. With the performed simulation 

study we are able to plot the AIS2+ risk values as a 

function of the impact speed, showing the relative 

benefit of the AEB system, see  

Figure 9. 

 
From the graphs we observe that when the impact 

speed decreases from 16 m/s to approximately 12 m/s 

there is a significant reduction in AIS2+ Injury Risk. 

When the impact speed decreases further to 

approximately 5 m/s we observe a horizontal trend in 

the achieved benefit from the impact speed reduction 

due to AEB. Comparing the Hybrid-III, THOR and 

AHM a similar trend is shown. Between 12 m/s and 

16 m/s impact speed a similar Injury Risk prediction 

is estimated. Below 12 m/s impact speed the THOR 

shows a somewhat higher Injury Risk prediction 
compared to the Hybrid-III and AHM. Analysis of 

the individual injury results shows that the main 

contributor to the mentioned horizontal trend is the 

chest injury risk. 

 

 
 

Figure 9.  AIS2+ Injury Risk for driver(left) and 

passenger(right) with standard restraint system. 

 
Further in step 4 we ran several DOE’s in which we 

changed restraint parameters together with the impact 

speed. Of these we report 2 DOE sessions in this 

paper, DOE1 and DOE2. The chosen variations and 

settings are shown in Table 3.  

 

Table 3.  

DOE Simulation matrix. 

 

Setting DOE1 DOE2 
No. of runs / occupant 144 72 

Impact speed [m/s] 1 - 16.6667 4.4 - 16.6667 

Load Limiter Level 
[N] 

400 - 3600 400 – 3600 

MSB Activated Activated 

Airbag Activated De-activated 

 

For the generation of a random set of designs we used 

the Latin Hypercube algorithm from Altair 

HyperStudy as shown in Figure 10. The shown 

designs were exported to the XMADgic Simulation 

Generator (16) that generated all MADYMO 

simulation input decks. 

 

 
Figure 10.  DOE design variables. 

 

For DOE1 and DOE2 we ran a total of 1296 

simulations with a simulation time of 2.13 s. With an 

average runtime of 4 hours per simulation and with 

each simulation run on 1 CPU we required 5300 

hours of CPU time. The simulations ran on a Linux 

cluster with 72 CPU’s, keeping it occupied for 3 days.  

 

As an example the results of the DOE runs of the 

drivers and passengers are shown in Figure 11 -  

Figure 16. We observe that: 

 The performance of the restraint system in 

the development range (impact speed 15.6 

m/s) shows an optimal performance with the 

standard restraint system.  

 For the lower range of impact speeds, up to 

12 m/s significant improvements in Injury 

Risk can be achieved.  

 With a de-activated airbag (with activated 

belt-pretensioners) also an improvement of 

the AIS2+ injury risk appears to be feasible.  

 It clearly shows the benefit of the airbag at 
higher impact speeds, especially for the 

AHM driver and passenger. Above impact 

speeds of 12 m/s the AIS2+ Injury Risk 

increases significantly which is mainly 

caused by neck injury risk. 

 For impact speeds between 4 m/s and 8 m/s, 

for the Hybrid-III and AHM driver, the best 

performance is achieved without firing the 

airbag. 
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Figure 11.  DOE AIS2+ results for HybridIII 50%-

ile driver. 

 

 
Figure 12.  DOE AIS2+ results for THOR 50%-ile 

driver. 
 

 
Figure 13.  DOE AIS2+ results for AHM 50%-ile 

driver. 

 

 
Figure 14.  DOE AIS2+ results for HybridIII 50%-

ile passenger. 

 

 
Figure 15.  DOE AIS2+ results for THOR 50%-ile 

passenger. 

 

 
Figure 16.  DOE AIS2+ results for AHM 50%-ile 

passenger. 
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The improvement potential of the restraint system as 

a function of the impact velocity is illustrated in 

Figure 17 and Figure 18 which shows this potential 

relative to the theoretically lowest AIS2+ injury risk 

value (0.316).  

 

 
Figure 17.  Theoretical Improvement Potential 

AIS2+ as function of the Impact Velocity for Driver. 

 

 
Figure 18.  Theoretical Improvement Potential 

AIS2+ as function of the Impact Velocity for 

Passenger. 

 

 

Analysing the results it shows that for the lower 

range of impact speeds a Load Limiter that works at a 

lower force level could offer the AEB system the 

expected benefit as shown in Figure 17 and Figure 

18. As an example of this we plotted the AIS2+ 

injury risk for chest deflection of the AHM driver as 

function of the impact speed for all calculated DOE1 

results from our study, see Figure 19. In this plot the 
AIS2+ injury risk for the standard restraint system 

with a load limiter value of 2650N (orange) is 

compared with a system with a load limiter value of 

400N (blue). This example shows that for the higher 

impact speeds (protocol impact speeds) the standard 

restraint system offers best protection. For impact 

speeds up to approximately 9 m/s a load limiter value 

of 400N shows the best performance.  

 
Figure 19.  AHM driver chest deflection AIS2+ 

injury risk.  

 

 

5. DISCUSSION 

With the presented study a simulation method is 

introduced to assess the relative improvement of the 

AIS2+ Injury Risk for impact speeds lower than the 

protocol impact speeds. As such this study could be a 

start to quantify the effectiveness of an AEB system. 

It is clearly visible that AEB systems offer a lot of 

benefit for occupants, since they aim to effectively 
reduce the impact speed. However we note that in our 

study the achievable benefit reduces when the impact 

velocity is lowered below approximately 12 m/s. By 

varying some restraint parameters we see 

opportunities to balance the various restraint systems 

(MSB, airbag, belt load limiters) such that a more 

optimal performance can be achieved for the lower 

range impact speeds using the currently available 

passive safety components. A safety system that for 

example adapts to the crash situation would in this 

case offer the maximal benefit of an AEB system. 
Therefore we believe that for the development of the 

next generation restraint and safety systems it is 

important that they are developed in an integrated 

way, taking into account both active and passive 

systems at the same time. 

 

  

LIMITATIONS OF THE STUDY 

Our study focussed on one “generic” d-class vehicle 

type and results may differ for other vehicles. In the 

presented study we only included 50%-ile occupants 

“in” position for one crash loading condition. Crash 

pulses are based on a USNCAP crash pulse only. 

With more research on additional loading conditions 

like ODB, car to car and possibly car to any object, 

this methodology could be further enhanced. 
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SUMMARY AND CONCLUSIONS 

This paper presents a methodology and tool chain 

that allows designing Integrated Safety systems, i.e. 

safety systems in which the active safety systems and 

passive safety systems are designed as one system 

aiming to optimally protect the occupant. We have 

shown the effectiveness of the methodology through 
an example simulation study. 

 

A crash pulse scaling method was developed in this 

study based on a full width flat wall impact using the 

available 35 mph crash pulse of a vehicle. With the 

presented method it appeared possible to use the 

impact speed as a variable in DOE’s. 

A method to fire the airbags based on the so-called 

5”-30ms rule was developed which automatically 

links airbag firing to the impact speed in the 

MADYMO simulations. 

 
In our presented study we used real braking pulses 

from volunteer tests to simulate the AEB event. 

 

As a start we included lower severity injuries (AIS2+) 

that may not primarily affect fatality numbers but 

may have a big impact on long term health and 

trauma.  

 

The simulation method showed to be effective in 

running a DOE study and helped to assess the benefit 

of reducing the impact speed with an AEB system. 
The simulation results showed that current state-of-

the-art restraint systems may work sub-optimal for 

the lower impact speeds ranging from 5 m/s to 12 m/s. 

A safety system that adapts to the crash situation, in 

the presented case, is expected to offer the full benefit 

to an AEB system. 
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 ABSTRACT  
 

The target of front crash protocols is to finally represent a « Car to Car » (C2C) impact, which is the most 
frequent configuration in real life. But C2C is a too complex and costly configuration to be applied on 
experimental and even numerical point of view. 

Particularly, a numerical C2C simulation will require many finite elements (F.E.) and so heavy calculation time 
(with in addition, more numerical bug risks, because modeling the front interface between the 2 cars is complex 
) ;  and also, the Post calculation analysis is much more heavy ( 2 different cars to be analyzed + twice as 
biomecanic criteria if dummies models are implemented).  

Furthermore, some specific criteria (specially compatibility criteria) can’t be rated during a C2C crash test, 
because they need a deformable barrier (which represents a medium car of the market) to be measured  : as car 
front face aggressiveness characteristics, and global car’s stiffness (dynamometric force measurement on barrier 
trolley). 

The goal of this study is to define the front crash protocol which responds the best at the following problem:  

-to represent the physics of C2C front crashes  

-to be easier to use in car design process  

For that purpose, we will follow the method below : 

FIRST, we will carry out a theoretical study of the C2C front crash, in order to understand its physical main 
phenomenon, under 3 different and complementary aspects: 

 -Mathematical aspect with simple models,  

 -Numerical aspect with F.E. calculations, 

 -Experimental aspect with C2C tests analysis. 

SECONDLY, we will exploit the obtained results, in particular:  

-Mathematical models to well represent kinematics and global interaction of each car, 
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-Numerical modelling to be efficient to qualify energy absorption, front face interaction area and Pulse of the 
tested car, 

-Experimental results to be able to give global physical characteristics usable in car design. 

THEN, we will discuss and answer to the following questions: 

-Limitations and disadvantages of theoretical and numerical approaches,  

-What is the best relevant protocol to represent a C2C front crash and if it is reliable (comparison with others 
protocols and parametric studies), 

-How to provide a better compatibility. 

Finally, we will conclude and open the field. 
 

The numerical study was conducted with the cooperation of ACTOAT company and the C2C tests at UTAC 
laboratory. 

 
 
 
 
CONTEXT 

 
The accidentology situation shows that the C2C 
front collisions are the most serious and frequent 
cases. 
Of course, there are some cases where geometrical 
compatibility won’t be possible to improve (as the 
example of a low sedan car and a truck collision):  

 
Figure 1 : exemple of Bad compatibility 

impossible to redduce 
 
But majority of collisions involve current sedan 
cars themselves, everywhere in the world.  
That is the reason why we have first studied the 
“State of the Art”, by making a comparison 
between the geometrical design of front face of a 
great number of cars (with mixing their mass, size, 
height differences) :  
 

 
Figure 2 : geometrical comparison oh height  of 

bumper beam & sub-frame  
 
Conclusion : in Japanese and European car 
markets, majority of cars have a good structural 
engagement divided into 2 different areas : a lower 
areas (lower load path or longer sub-frame) and a 
upper area (bumper structural beam) ; more than 
one half of the cars haven’t still extended their 
structural engagement in the lower area and still 
remain aggressive :  
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Figure 3 : example of deficit structural 
engagement in a real C2C front crash 

 
But today, the current crashtest protocols using 
normalized impactors (rigid wall or offset 
deformable barrier) aren’t able to show correctly 
this interaction phenomenon between 2 different 
cars. 
So it is a worldwide highest safety priority to 
define and use a protocol which can correctly 
represent a C2C front crash : this is the goal of our 
following study. 
 
METHODOLOGY 

First, we carry out a theoretical study of the C2C 
front crash, in order to understand its physical main 
phenomenon, under 3 complementary aspects : 

Mathematical Approach 
 

A Simple One-Dimensional Model By applying 
the momentum conservation and the « soft 
impacts » hypotheses, we can calculate the change 
of Delta velocity of each car : 

 
This simple formula only gives us some orders of 
scale ; for example : in a CAR vs TRUCK crash, 
the mass ratio is high (e.g. a collision involving a 
truck of 40000kg mass and a heavy car of 2000kg 
mass, yields a mass ratio of 20:1) : the change of 
velocity of the car will be multiplied by 20 
compared to the truck. 

 
A Mathematical Improved Model In real 
accidentology, the most current case is a CAR to 
CAR crash with a partial overlap (50% of the 
width); so to be more precise, we need to take in 
consideration the rotation phenomenon of each car. 

In addition, the « soft impacts » is a too restrictive 
hypothesis; more realistic is to introduce a part of 
« elastic impacts » with the introduction of 
restitution coefficients (normal and tangent 

coefficients: en et et) :  
 

 
 
Figure 4 : mathematical modeling of a C2C with 

6 degrees of freedom 

We apply the impulsions theory at each car :  

 

And also the kinetic momentum theory : 
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Then, we write the kinematics conditions with 
restitution coefficients which gives us 2 another 
equations : 

 

 

We have now 6 independent equations with 6 
degrees of freedom : it is therefore mathematically 
possible to solve the problem. We write this 
equation’s system on matrix formulation : 

       

Where : 

 

We can also solve this equation’s system and 
therefore obtain all the velocities components of 
each car. 

Numerical Simulations 
 
We have realized in 2016 a FINITE-ELEMENTS 
(F.E.) modelling of a midsize sedan car. Indeed, 
this kind of car represents an average car among 
the whole motor vehicle fleet and also the most 
widespread car.  
The first simulation consists in 2 identical cars, 
with 50% overlap, car against car at opposite 
50km/H velocity. 
 

 
 

Figure 5 : C2C front crash with F.E. method 
 
Debugging the CAR to CAR model has been 
difficult and had taken a lot of time; but the final 
results are relevant: physical behaviour of cars and 
their deformation modes are symmetric : 

 
Figure 6 : Compared analysis of each car results 

 
Intrusion and pulse levels are comparable between 
the 2 cars : this is physically relevant and  so a 
check for our calculation :  
 

 
Figure 7 : Compared detailed results of each car 

 
 

Experimental Method 

In context of FIMCAR (Frontal Impact and 
Compatibility) Group [1], a study about 
comparison of different crash protocols was 
conducted (ODB 40% CEVE front crash, 0° RW 
front crash, PDB barrier different versions & 
speed) and led up to the new M-PDB (Mobile 
Progressive Deformable Barrier) protocol : 



PERU 5 

 

Figure 8 : M-PDB Front Crash protocol 

An in-depth analysis were also conducted on a 
« Supermini » car population in order to rate the 
relevance of M-PDB protocol about partner-
protection. In order to evaluate the test severity, 
different test pulses for Supermini cars were 
compared (all tests coming from FIMCAR 
database): 

 

Figure 9 : Extract from FIMCAR Data Base 

One first observation was that M-PDB pulses were 
intermediate between RW Pulse (NHTSA) and 
ODB CEVE Pulse (CEE) : on one side, the crash 
duration of a RW front test is very short because it 
show a immediate stop of the engine against the 
rigid wall ; on the other side, the crash duration of a 
ODB CEVE front test is longer because the CEVE 
barrier stiffness is now too soft compared to new 
cars generations. 

As a conclusion, FIMCAR chose the M-PDB 
protocol [2] to be more representative of a CAR to 
CAR crash test because the PDB Barrier (ADAC 
version), with its progressive stiffness, allows to 
represent the engine impact on the other car and the 
increase of car body stiffness at the end of crash 
(cockpit resistance); moreover, it can qualify and 
measure the « car compatibility »  with the 
footprint of the tested car inside the barrier.  

RESULTS 
 
Mathematical Study 
 
We programed and solved this matrix system: we 
obtain the final velocities of the 2 cars and 
therefore the delta velocity of each car. In order to 
exploit this mathematical model, we fix the car 1 

mass (1577 kg as such an average car), and then, 
we make variation on the car 2 mass : between 850 
kg (supermini car) and 2500 kg (heavy car). 

 

Figure 10 : Results velocity curves of model 

Remark: when the masses are the same, the delta 
velocity of the 2 cars is of course the same 
(crossing point of  the 2 curves) : this is a check of 
the validity of our mathematical model. 

Using the velocities found by our model, we can 
now calculate the residual kinematic energy of cars 
at the end of crash. If we suppose that stiffness of 
cars is identical (case of crash between the same 
cars), we can also calculate the delta of kinematic 
energy of each car. Then, making the hypothesis 
that crushing distance is equally divided between 
the two cars, we can assume that delta of kinematic 
energy is equal to absorbed energy for each car. 

We applied the same mass variation for the car 2, 
car 1 mass is fixed: 

 

Figure 11 : Results energy curves of model 

Thus, we show the « mass 
aggressiveness » phenomenon: absorbed energy is 
directly influenced by the difference of cars mass. 

Then, we introduce the Ratio of absorbed energy 
between CAR 2 and CAR 1, and we take the mass 
of car 1 as a parameter. 
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Figure 12 : Ratio absorbed energy with 
mass parameter 

Of course, a difference of stiffness of the car can 
also still makes even worst the mass 
aggressiveness, because, generally heavy cars have 
also higher stiffness.  

Conclusion: We can see that small cars are always 
put at a disadvantage compared to the bigger ones. 
As it is well known that there is a strong 
relationship between delta velocity and occupant 
injury risks, small and light cars which have higher 
injury risk, due to this mass aggressiveness. 

 
 

Numerical Study 

We search now the most representative protocol in 
term of absorbed energy, using the followed 
method: 

First, we have calculated the EES with the 
following formula:  

 

We find 48km/h (a few less than the M-PDB 
protocol); this is a confirmation of the FIMCAR 
conclusions : 50km/h speed of the M-PDB protocol 
is lightly more severe than the current others 
protocols and a speed of 56km/h would be too high 
to represent a CAR to CAR real crash. 

Then, we have compared the energy absorption 
curves, functions of time, between the different 
front crash protocols, on our medium size sedan car 
(1577 kg with two THOR dummies inside): 

 

Figure 13 : Car absorbed energy comparison of 
different F.E. calculations results 

Secondly, we chose the most representative 
protocol in term of car pulse: we consider the pulse 
of our CAR to CAR font crash and we successively 
compare it to the Pulse of the other main protocols: 

 

 

 
Figure 14 : Successively comparison of different 

F.E. calculations results on Pulse criteria 
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Conclusion: We can see that CAR to CAR is 
different from: 

-0°, RW Front Crash : crash duration too short and 
medium value of pulse too stiff  

-40%, CEVE ODB Front Crash: crash duration too 
long and medium value of pulse too smooth 

The conclusion is clear: M-PDB Protocol with a 
speed of 50km/h is the most representative protocol 
of our CAR to CAR result (in term of absorbed 
energy, car pulse and intrusions). 

 
Testing Study and Tests 

As the M-PDB test let us measure dynamometric 
Force, It is possible to predict global FORCE / 
Displacement at the exchange area of the two cars 
in combining together the two characteristic of cars 
with a simple mechanical principle : the car which 
deformed is the one which have the lower stiffness. 

 
Figure 15 : case of a C2C frontal impact against 

cars with different stiffness 

We apply this method to a real CAR to CAR front 
crash Peugeot 3008 vs Renault CLIO (test 
conducted by UTAC):  

 

Figure 16 : C2C Peugeot 3008 vs Renault CLIO 
(performed by UTAC) 

We first calculate the global displacement of the 2 
cars together (solid movement) and after, we 

deduct it from global displacement and finally 
separate each car displacement:  

 

Figure 17 : Displacement separation method 
applied on test results 

Below, we can see the comparison of crushing 
characteristics (Force / crushing distance) of each 
car : 

   Figure 18 : Crushing characteristic of each car 

We see that stiffness of those 2 cars are near : force 
level of front unit at the beginning and also, force 
level of cockpit at the end of crash. 

Nevertheless, Peugeot 3008 and Renault CLIO 
have different silhouettes (medium SUV for 3008, 
small Sedan car for CLIO), this CAR to CAR test 
shows that those cars are quite « compatible » due 
to the combination of 2 principles: a good structural 
engagement and a near stiffness. Only mass 
aggressiveness stills remain because it can’t be 
reduced. 

 
LIMITATIONS AND DISCUSSION 

 
Limitation of theoretical and F-E Calculations 
 
We have seen that results of mathematical models 
are only useful to understand phenomenon and give 
us order of scales.  
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Concerning F.E. calculations, some difficulties 
comes from this kind of modeling:  
-First problem: calculations time but also time to 
prepare/debug models are too extensive: no 
compatible to use it, every day, in iterative design 
process. 
 

 
Figure 19 : Time comparison between different 

kind of F.E. calculations 
 
-Second problem : there is a paradox between the 
complexity of the C2C model itself and the limited 
results than it can provide for the car design ; 
indeed, with this kind of FE-model, it is difficult to 
separate the absorbed energy between each car, and 
quite impossible to sum the global Force that one 
car applies to the other one. 

 
Selection Of The Protocol Efficient For Car 
Design  
 
We have identified the M-PDB protocol as the 
most relevant in terms of global kinematics, 
absorbed energy, Pulse variations & intrusions 
values  
In addition, this protocol can give to us the 2 main 
physical characteristics required by an automotive 
car maker, at the beginning of a new project:  
- target of energy to be absorbed (to reserve 
crushing area dimensions), 
- Force/displacement target law (to design members 
of front unit of the car) 
 
But now, we have to make sure of its repeatability 
and physic stability. 
So we ran a complete parametric study on crash 
conditions & trolley parameters, barrier 
characteristics and car physical behaviour. 
 
TROLLEY and CRASH conditions : Trolley 
loading a PDB type barrier (ADAC version) was 
modelized as following : 

     
Figure 20 : Trolley & barrier modelling 

Trolley PARAMETERS influence : Iterations are 
conducted, modifying trolley’s parameters to study 
their dispersion on the kinematics of trolley & car: 

-Trolley parameters influence: the most influent 
parameter is the Y- position between barrier and 
trolley: indeed, on the side of the impact, barrier 
must cover the wheel of the trolley in order to well 
represent the interaction between barrier & car and 
so their kinematics (rotation in the real direction of 
rotation) : 

 Figure 21 : trolley & car kinematics comparison 

The other trolley’s parameters (mass distribution, 
center of gravity location, tire stiffness…) are less 
influent.   

Barrier PARAMETERS influence :  

-Height of barrier influence : for sedan cars, we 
found that the value of the top of the barrier has 
only a small influence on the car deformations and 
we have found a better stability with the PDB 
“ADAC Barrier version” 
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Figure 22 : Barrier & car interaction 
comparison 

Car dispersion influence : Car behavior influence: 
results on car behavior are only small dispersed 
(but we have used a car model which has a stable 
behavior) : 

 

 

 

Figure 23 : Dispersion analysis on car behavior 

How To Provide A Better Compatibility 
As a car maker, we can use these previous results 
to lead the design of one future car: energy 
absorption target, force / displacement 
characteristic, structural engagement area and 
stiffness of front unit and cockpit are the input data 
to guide a preliminary draft.  

In particular, a lower load path is a good way to 
make sure a good structural engagement (the first 
condition to a good compatibility) as we can see 
with the C2C Peugeot 3008 / Renault CLIO : 

 Figure 24 : Lower load paths efficient for a 
good structural engagement 

In a first sight, between those 2 cars, compatibility 
seems to be quite GOOD. 

      Figure 25 : Peugeot 3008 & Renault CLIO 
after C2C test (UTAC) 

CONCLUSIONS 
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The purpose of Compatibility in front crash is to 
represent a C2C front crash which is the most 
frequent configuration in real accidentology. But 
C2C is a too complex and costly configuration to 
be applied on experimental and even numerical 
point of view.  

Furthermore, some specific criteria can’t be 
directly measured during a C2C test or FE-
calculation, as global force entrance between Cars 
and Barrier, distribution of forces and absorbed 
energy at the interface between cars. Yet, an 
automotive car maker needs to use simplified, 
relevant and quick tools to be efficient in 
preliminary drafts design of future cars. 

That is the reason why we have first developed 
simplified mathematical models which allow us to 
forecast and quantify the kinematic parameters of 
the 2 cars (delta velocity and energy variation): we 
used them to study the « mass aggressiveness » 
phenomenon, showing the disadvantage for small 
cars. 

Then, we have determined that the M-PDB 50km/h 
50% is the most representative of the C2C 
configuration (regarding the pulse point of view); 
we have studied also the repetitiveness/ dispersion 
of this protocol. 

Finally, we have analyzed the phenomenon of 
structural interaction between front faces of cars; 
we have used a method to extract « Force / 
crushing distance » and other physical 
characteristics which can explain the « geometrical 
and stiffness aggressiveness » phenomenon. 

Of course, the field of compatibility still remains 
large and open, but this study gives us the efficient 
physical parameters as input data to specify and 
design the future cars at PSA Groupe. 
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ABSTRACT 
 
Autonomous Emergency Braking Systems and Forward Collision Warnings (AEB-FCW) are progressively 
entering European market. Due to cost constraints, the more efficient (expensive) systems are first 
implemented in Premium brands' vehicles where the impact of the cost of the system on the overall cost of the 
vehicle is smaller than for Standard brands' vehicles. For those models less expensive systems are 
implemented but they usually cover less scenarios. It induces a largely smaller benefit for the road safety even 
if they have higher market share. 
To increase the benefit on road safety, it is needed to develop less expensive AEB-FCW aimed to cover the  
same scenarios as the more expensive systems. The objective of this study is to demonstrate our ability to 
design a more affordable FCW-AEB with high efficiency and comparable to the one equipping Premium 
brands' vehicles using two sensors (camera and radar) 
To compare the performances achieved by these two AEB, evaluations have been performed on the same car  
model by UTAC following the Euro NCAP 2016 protocols (AEB City, AEB Inter Urban, AEB Vulnerable 
Road Users). These protocols are the existing ones in use at the moment which covers the largest amount of 
accident scenarios. 
They include following scenarios: 
- Car to car rear stationary, 
- car to car rear moving, 
- car to car braking, 
- car to adult pedestrian crossing walking, 
- car to adult pedestrian crossing running, 
- and car to initially obscured child crossing walking. 
 
Both systems have been developed following the same functional safety rules and aiming to have the same 
level of safety. The braking profile has been adapted to do so. 
At the end, PSA defined a logic that provides a similar performance for pedestrian targets, and a slightly 
different one for car target but with a high cost difference. 
 
This comparison has been done using the existing test protocols for AEB-FCW systems. But we have to know 
that it doesn't cover 100% of the field scenarios. Night scenarios for example have not been evaluated. But we 
can assume that if the low beam is on, the pedestrian will still be detected. Longitudinal scenarios for 
pedestrian have also not been performed but also there, the performance difference should be low. 
 
This study has showed that it is possible to develop a relatively cheaper AEB-FCW with the same functional 
safety level, a mostly similar performance and with a much higher market share. This will increase the global 
level of road safety. 
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INTRODUCTION 

New technologies’ capabilities induce the 
apparition of Autonomous Emergency Braking 
Systems and Forward Collision Warnings (AEB-
FCW). Consumer organizations on the other hand 
push OEMs to develop such systems. As a 
consequence, they are progressively entering 
European market. Due to cost constraints, the more 
efficient (expensive) systems are first implemented 
in Premium brands' vehicles where the impact of 
the cost of the system on the overall cost of the 
vehicle is smaller than for Standard brands' 
vehicles. For those models less expensive systems 
are implemented but they usually cover less 
scenarios. It induces a largely smaller benefit for 
the road safety even if they have higher market 
share. 
To increase the benefit on road safety, it is needed 
to develop less expensive AEB-FCW aimed to 
cover the same scenarios as the more expensive 
systems. The objective of this study is to 
demonstrate that mainstream cars’ manufacturers 
are able to design a more affordable FCW-AEB 
with high efficiency and comparable to the one 
equipping Premium brands' vehicles using two 
sensors (camera and 
radar) or more. 

FEATURES COMPARISON 

 
Active Safety Brake description 
This function, sold to the consumer includes three 
combined features: 

- an Autonomous Emergency Braking 
system (AEB) 

- a Forward Collision Warning (FCW) 
- a Driver Brake support (DBS). 

 

Autonomous Emergency Braking PSA Groupe 
developed two variants of the AEB. One is based 
on a camera-radar 24GHz fusion and is called 
“AEBS2”. And the other one is based on a camera 
only. It is called “V-AEB”. 

The architecture of both AEBs is described in 
Figure 1 and 2. 

 
 
 
 
 
 

Figure 1.  Basic Functional architecture of 
AEBS2 

 
 

 
Figure 2.  Basic Functional architecture of V-

AEB 
 

Forward Collision Warning There is no variant 
of this feature. This feature will warn the driver 
when there is a risk of crash. 

Dynamic Brake Support. There is no variant of 
this feature. If the sensor(s) detects a risk of an 
imminent crash, and if the driver is braking, then, 
the DBS will apply full braking. It will help the 
driver to avoid the crash or highly reduce the 
impact speed, even if he doesn’t apply a high 
pressure on the brake pedal. 

 

Active Safety Brake comparison 
 
In Table 1, there is a summary of the differences 
for the two variants of Active Safety Brake. 
 

Features AEBS2 V-AEB 
AEB Behaviour A Behaviour B 
FCW Same behaviour 
DBS Same behaviour 

Table 1. 
Summary of feature differences 

 

It shows that a variation of performance will only 
be noticeable when the driver does not react at all 
to the imminent crash threat. 

In table 2, is a summary on sensors capabilities. 
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Sensor Radar 24GHz Camera 
Horizontal 
Field of view 

+/-11° +/-18° 

Light 
conditions 

No influence Reduced 
performance 

Bad weather Minor influence Reduced 
performance 

Moving 
obstacle 

Detected Detected 

Fixed 
obstacle 

Detected but 
often filtered (if 

out of the 
trajectory) 

Detected 

Pedestrian Weakly 
detected 

Detected 

Cyclist Detected Detected 
Table 2. 

Sensors capability comparison 
 

This table shows that no sensor is perfect. On the 
one hand the radar has limited field of view, 
detection capability on non-moving obstacles and 
is not always able to detect pedestrians. On the 
other hand, the camera detection is influenced by 
the light or weather conditions. 

AEB behaviours description for AEBS2 

AEBS2 works until 140kph and is automatically 
activated above 5 kph (except if driver 
deactivation). It works with mobile and fixed 
targets on the whole range, and pedestrians up to 
60 kph. 

If no driver reaction to the FCW, the system brakes 
the vehicle automatically: 

• From 0 to 30 kph : up to 1.0g (depending on 
grip conditions) to complete stop 

• From 30 kph to full speed : up to 1.0g 
(depending on grip conditions) and 50 kph 
speed decrease, (depending on radar and 
camera confirmation) 

• The emergency brake can be overridden by the 
driver at any time by accelerating over a 
threshold. 

 

AEB behaviours description for V-AEB 

The function works until 85kph and is 
automatically activated above 5 kph (except if 
driver deactivation). It works with mobile and 
fixed targets on the whole range, and pedestrians 
up to 60 kph. 

If no driver reaction to the FCW the system brakes 
the vehicle automatically: 

• From 0 to 30 kph : up to 1.0g (depending on 
grip conditions) to complete stop 

• From 30 kph to full speed : up to 1.0g 
(depending on grip conditions) and 23 kph 
speed decrease, (depending on radar and 
camera confirmation) 

• The emergency brake can be overridden by the 
driver at any time by accelerating over a 
threshold. 

Cost comparison 

V-AEB is using one sensor less than AEBS2. So in 
global, V-AEB costs 40% less than AEBS2. 

It should also be noted that V-FCW and V-AEB 
functions are carried by a camera which is also 
used for many other functions (traffic sign 
recognition, lane departure warning, Lane keeping 
assist, High/low beam auto-switching). And then it 
makes it possible to limit the real additional cost of 
these functions. 

FUNCTIONAL SAFETY COMPARISON 

We followed a usual safe design approach, in 
compliance with ISO 26262 [1]: 

a. Definition of driver functionality 
b. Identification of the risks of failure and 

misunderstanding of situations 
c. Risk assessment and definition of objectives. 

Since the zero risk does not exist, we set 
ourselves admissible limits. 

d. Safety design of the function 
e. Verification of the respect of the objectives 

(by means of simulations, tests on tracks and 
finally of endurance driving). If necessary, 
adjust the design (return to step a.) 

 
Below the different steps which allowed us to define 
the safety profiles of AEBS2 and V-AEB are 
presented. 
 

a. Definition of driver functionality 
We have identified that the main levers affecting the 
risks of these AEB functions are: 

- Operating range 
- Braking profile 
- Speed reduction allowed 

Then our goal was to adjust these parameters to make 
manageable and verifiable the safety level while 
providing the maximum performance and efficiency. 
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Our iterative studies have thus made it possible to fix 
the behaviour of the functions as described 
previously. 
 

b. Identification of the risks of failure and 
misunderstanding of situations 

Preliminary Risk Analysis identified two types of 
risk: 

- Failures of parts and systems leading to 
unwanted behavior (excessive braking, loss 
of trajectory, unavailability, ...) 

- Untimely braking due to misunderstanding 
of scenes (False positive braking) 

 
The safe design to cover a risk of failure consists of: 

- identify all contributors, interfaces and 
decision chains (functional architecture and 
organic architecture) 

- decompose and distribute the overall risk 
among the different contributors by 
redefining the decision chains and taking 
into account the capacity of the parts to keep 
the allocated objective (eg, organ X will be 
able to limit the generation of failure Y to a 
Value less than 10E-8/hour of operation) 

 

c. Risk assessment and definition of goals. 
Each identified risk by PRA is assessed according to 
ASIL scale (Automotive Safety Integrity Level). We 
evaluate: 

- occurrence of the unwanted event 
- possible controllability by the driver or other 

users if the unwanted event occurs 
- severity if the unwanted event occurs (death, 

serious injury, minor,…) 
 
We simulated automatic brake at each time step of a 
driving database of hundreds of thousands of 
kilometers.  
The successive iterations allowed us to adjust the 
following profiles giving an equivalent safety level: 
AEBS2 : 

 1G + 50kph of speed decrease  
V-AEB 

 1G + 22kph of speed decrease 
 

 
 

PERFORMANCE COMPARISON  

Perfomance Evaluation Method 

Vehicles used The vehicles tested are two pre-
serial Peugeot 3008, having the same engine, same 

trim level and same definition besides their AEB 
systems. 

 

 

 
 
Test Method Test series have been done in 2016 
by UTAC, using Euro NCAP AEB City , AEB 
InterUrban [2] and AEB VRU [3] protocols. 
Other protocols are available worldwide but these 
protocols were the one covering more accident 
scenario when the study has been done. 

Both AEB City and AEB InterUrban, are including 
front-rear accident scenarios. 

AEB City has only one type of scenario with a 
stationary target (CCRs) and the AEB feature is 
tested. 

AEB InterUrban has three kind of scenario. The 
first is done with a stationary vehicle target. In this 
scenario, only the FCW feature is tested with a 
robot reacting to the warning and braking. The 
second one with a moving vehicle target is 
avaluating both AEB and FCW performances. 

And the last one is a scenario, where the tested 
vehicle is following a moving vehicle target, both 
driving at 50kph. At a certain time, the target will 
brake. 4 configurations are tested with FCW and 
AEB. 

Table 4 describes the scenarios. 
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Table 4. 

Euro NCAP Car to Car scenarios description 
 

In AEB VRU protocol in 2016, the different 
scenarios used represent a pedestrian crossing the 
road in front of the tested vehicle. Only AEB 
performance is evaluated in the protocol. 
 
Test configurations are described in table 5. 
 

 
Table 5. 

Euro NCAP VRU scenarios description 
 
All tests have been done using articulated dummy. 
 
Assessment Method 
The weight of each test for each scenario and 
weight of each scenario taken into account are the 
one used described in the Euro NCAP Assessment 
Protocols [4], [5] and [6]. 
 
It is important to notice that the weight of each 
speed and each scenario is not evenly distributed. 
It has been defined taken into account the accident 
data and weights of different accident scenarios in 
the field. 
Taking Euro NCAP methods is a good way to 
measure and compare performance of AEBS2 and 
V-AEB. 
 
Results 
 
AEB City 
In this scenario, AEBS2 passes all tests. 

 

 
Table 6. 

AEB City performance of AEBS2 
 
As V-AEB has a limited speed reduction in higher 
speeds, the performance is reduced above 30kph. 
 
 

 

 
Table 7. 

AEB City performance of V-AEB 
 

In this scenario, the performance is reduced by 
15% for V-AEB. 
 
AEB InterUrban results for AEB feature 

AEBS2 passes almost all the test without impact 
for the Car to Car Moving scenario (Table 8), 
where V-AEB has a reduced performance in higher 
speeds due to its safety barriers (Table 9). 

Table 8. 
AEB InterUrban performance of AEBS2 

 

 
Table 9. 

AEB InterUrban performance of V-AEB 
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So, on AEB InterUrban, for ist AEB feature, 
AEBS2 has an overall performance of 88,8% 
where V-AEB has a performance of 61,8%. It 
makes a reduction of 30,4%. 

 
AEB InterUrban results for FCW feature 

For these scenarios, a 0,4g braking is applied to the 
brake pedal by a robot reacting with a 1,2s delay to 
the FCW. As the AEB is not deactivated during the 
test, even if the FCW has the same characteristics 
for fusion and camera only systems, there is a 
slight difference in the performance for V-AEB 
(table 11) and AEBS2 (table 10). 

 

Table 10. 
AEB InterUrban performance of AEBS2 

 

 

Table 11. 
AEB InterUrban performance of V-AEB 

 

AEBS2 gets a performance of 90,6% when V-AEB 
gets 81,9%. 

AEB VRU results 

As radar is not able to detect the pedestrian, 
performance is almost equal for both systems. 
AEBS2 has a performance of 75% and V-AEB has 
74,4%. So there is no significant difference of 
performance. 
 

 
Table 12. 

AEBS2 results in AEB VRU protocol 
 

 
Table 13. 

V-AEB results in AEB VRU protocol 
 
 

 
 

Results AEBS2 VAEB Variation 
of perf. 

AEB City       100% 85% -15% 
AEB 
InterUrban-
AEB 

88,8% 61,8% -30,4% 

AEB 
InterUrban-
FCW 

90,6% 81,9% -9,6% 

AEB VRU 75% 74,4% ~0% 
Table 14. 

Performance comparison for AEBS2 and V-
AEB 

 
Table 14 shows that in the different Euro 
NCAP evaluation protocols, the performance 
reduction of V-AEB is very limited. 
V-AEB has the same performance in case of 
pedestrian crossing scenario and low speed car 
to car rear scenarios too. For higher speeds the 
reduction of performance is more noticeable 
but, the effect on the % of performance is low 
as the weight of these scenarios is less, in 
correlation to real life accidentology. 
 
Cost/benefit ratio 
 
As Car to car rear or car to pedestrian accidents 
don’t have the same occurrence, so we 
calculate separated cost/benefice ratios. 
 
If we suppose that the benefit for society is 
directly correlated to the Euro NCAP 
performance evaluation, then it is easily 
possible to compare the benefit / cost ratio 
between AEBS2 and VAEB.  
 
Table 15 presents the calculation assuming 
Euro NCAP performance of the system is 
proportional to the benefit for society. 
 
The calculation formula of the increase of 
benefit/cost ratio is as follows: 
 = −

 

Where: 
IR means the increase of benefit/cost ratio of 
VAEB compared to AEBS2, 

 means Benefit/cost ratio of V-AEB and 
 means benefit/cost ratio of AEBS2. 

 

As                    = ∗, ∗  
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And                 = ∗
 

 
Where: 
A means the factor relating society benefit to 
the Euro NCAP performance, 

 means performance of VAEB, 
 performance of AEBS2, 

 means cost of VAEB and 
 means cost of AEBS2. 

 
We already mentioned that V-AEB is 40% less 
expensive than an AEBS2, so =0,6* . 
 
Then, 
 = ∗, ∗ ∗∗ = ,  

 
 

Table 15. 
Comparison of the VAEB benefice/cost ratio to 

the AEBS2 one 
 
 
This calculation shows that the benefice/cost 
ratio is much better for the camera only. Using 
this sensor only decreases the performance of 
AEB but it decreases even more the cost of the 
AEB-FCW. 
 
LIMITATIONS OF THE STUDY 
 
The evaluation of the performance has been 
carried out using Euro NCAP protocols existing 
in 2016. It is known that they do not cover all 
accident scenarios in the field. 

Euro NCAP is aware of that is developing 
addition test protocols aiming to increase their 
coverage. From 2018, they will include 
robustness scenarios for car to car AEB tests 
with different target/tested vehicle overlaps. 
Pedestrian longitudinal scenarios will also be 
added. Night tests will be also done for 
pedestrian scenario. 
New bicycle scenarios will also part of Euro 
NCAP 2018 protocols. This may change 
slightly the results, but conclusions will not be 
affected, as camera is not still working as long 
as headlamps are on by night and that a 24GHz 
radar is already almost “blind” toward a 
pedestrian by day. 
Another parameter can affect the conclusion of 
this study. It is the constant increase of 
sensors’ performances and the availability of 
new sensors on the market. For example, new 
77GHz radars are now available. They are now 
able to robustly detect pedestrians. Their cost is 
almost equivalent to 24GHz radars. This will 
bring a better performance on AEB VRU 
protocols for camera-radar fusion AEB-FCW. 
But will it be sufficient to make them more cost 
efficient? Not sure, if we look at the better 
benefit/cost ratio we already have for a camera 
only system on AEB Car to Car scenarios. 
Last point is that we did the study based on 
perfect, repeatable test protocol, with ideal 
weather condition. Extreme bad weather or 
light conditions may affect performance. 
 
 
 
 
CONCLUSIONS 
 
Within this study, demonstration has been made 
that the cost benefit ratio is more interesting for a 
camera only AEB than for radar 24GHz in fusion 
with a camera. With this good ratio, it allows to 
OEMs to provide it for consumer standard or as 
option at a lower price compared to a fusion AEB. 
In consequence it will more easily spread through 
vehicle fleet. 
Radar 24GHz only AEB has not been evaluated, 
but will be less interesting because it will highly 
reduce AEB VRU performance. 
New radars with pedestrian detection capabilities 
will bring new opportunities, but there is no 
interest to use them without a camera. As a matter 
of fact, a camera also supports lots of other safety 
features (speed limit recognition, line detection for 
Lane Departure Warning or Lane Keeping 
Assistance for example).  

Results 
AEBS2 

perf. 
VAEB 
perf. 

Variation of 
benefice/cost 
ration ratio 
for VAEB 

Cost X 0,6*X   

AEB 
City        

100% 85% +42% 

AEB IU 
AEB 

88,8% 61,8% +16% 

AEB IU 
FCW 

90,6% 81,9% +51% 

AEB 
VRU 75% 74,4% +65% 
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ABSTRACT 
Pedestrian and bicyclist fatalities account for approximately 21% and 8% of all road fatalities in the EU, 
respectively. The objective was to describe the characteristics of fatal crashes with pedestrians and 
bicyclists on Swedish rural roads and to investigate the potential of different infrastructure and vehicle 
interventions to prevent them. 

The Swedish Transport Administration (STA) in-depth database of fatal crashes was used to study killed 
pedestrians (n=75) and bicyclists (n=76) on rural roads during the period 2006-2015. The potentials of 
several vehicle and infrastructure safety interventions were determined retrospectively for each case by 
analyzing a chain of events leading to the fatality. The future potential of infrastructure countermeasures 
was also analyzed based on prognoses on the implementation rate of several vehicle technologies in the 
Swedish vehicle fleet.   

The most common accident scenarios were that the bicyclist was struck while cycling along and at the side 
of the road; the pedestrian was struck while crossing the road. Most accidents involved a passenger car and 
occurred on roads with a speed limit of 70 to 90 km/h. The majority of the fatal accidents with bicyclists 
occurred under daylight conditions (71%), while 62% of the fatal accidents with pedestrians occurred in 
darkness. Forensic reports suggested that 43% of the non-helmeted bicyclists would have survived with a 
helmet. It was estimated that a large proportion of the fatal accidents with pedestrians and bicyclists could 
be addressed by advanced vehicle safety technologies, especially Autonomous Emergency Braking (AEB) 
and Autonomous Emergency Steering (AES) with pedestrians and bicyclist detection. With regard to 
interventions in the road infrastructure, separated paths for pedestrians and bicyclists, pedestrian barriers 
and pedestrian/bicyclist crossings with speed calming measures were found to have the large safety 
potentials.  

However, it was also calculated that it will take a long time until the advanced and potentially effective 
vehicle safety technologies will be widely spread, which shows the importance of speeding up the 
implementation rate. A fast introduction of effective interventions in the road infrastructure is also 
necessary, preferably using a plan for prioritization.   

This study had a holistic approach to provide road authorities and vehicle manufacturers with important 
recommendations for future priorities. However, only accidents on rural roads were included, which means 
that the findings and conclusions may not apply to urban areas.  

  

BACKGROUND 

According to the political goals of the Swedish 
transport system, the proportion of bicyclist and 
pedestrians should increase [1]. However, to be able 
to see the road transport system as sustainable it 
must be safe for all road users. This is not the case 
today, as pedestrians and bicyclists account for 

approximately 21% and 8% of all road fatalities in 
the EU, respectively [2]. While similar trends have 
been reported for Sweden, pedestrians account for 
the largest proportion of road casualties globally 
[3]. During the last five years, between 60 and 70 
pedestrians and bicyclists were fatally injured in 
Sweden (excluding suicides), accounting for nearly 
25% of all fatalities in the road transport system. 
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One third occurred on rural roads. The vast majority 
was struck by a car [4]. The number of fatally 
injured car occupants has decreased by 60% since 
the early 2000. During the same period, the number 
of fatally injured pedestrians and bicyclists has also 
decreased, although this improvement was 
concentrated to build-up areas and only marginal on 
rural roads. Therefore, further initiatives aimed at 
reducing the number of killed vulnerable road users 
are needed. 

The collision speed of cars is one of the parameters 
with the highest influence on the risk of fatality and 
serious injury for vulnerable road users. The fatality 
risk for pedestrians increases dramatically at 
collision speeds above 40 km/h [5]. The Vision 
Zero guidelines recommend a maximum speed limit 
of 30 km/h when there is a risk for collision with 
vulnerable road users [6]. But it is possible to adopt 
further countermeasures. Studies have shown that a 
combination of speed calming road infrastructure, 
bicycle helmets and more protective car fronts may 
reduce the risk for permanent impairment among 
bicyclists up to 95% [7]. 

In addition to passive safety systems, Autonomous 
Emergency Braking (AEB) or Autonomous 
Emergency Steering (AES) with pedestrian and 
bicyclist detection have been introduced in cars 
lately aimed at avoiding or mitigating collisions 
with vulnerable road users (VRU). Studies have 
indicated that AEB will reduce the number of 
injuries among car occupants involved in rear-end 
crashes [8-10]. Studies have also shown that AEB 
with pedestrian detection is effective (up to 40% 
reduction) [11]. However, deeper knowledge is 
needed regarding the effectiveness of those safety 
technologies aimed at avoiding or mitigating the 
severity of collisions with pedestrians and 
bicyclists, especially on rural roads with higher 
speed limits and thereby higher demands on the 
systems. Furthermore, estimations of the 
effectiveness of existing and coming road 
infrastructure solutions aimed at targeting 
vulnerable road users are also needed. 

It is important to know to what extent accidents 
existing today can be prevented in the future to 
prioritize among different preventive interventions. 
A relevant and useful method to identify future 
safety gaps has been used by the Swedish Transport 
Administration [12, 13].  

The objectives of the present paper were to describe 
the characteristics of fatal crashes with pedestrians 
and bicyclists on Swedish rural roads and to 
investigate the potential of different infrastructure 
and vehicle interventions to prevent them. 

METHODS 

The Swedish Transport Administration (STA) in-
depth database of fatal crashes was used to study 

fatally injured pedestrians and bicyclists. Crash 
investigators at STA systematically inspect the 
vehicles involved and record direction of impact, 
vehicular intrusion, seat belt and helmet use, airbag 
deployment, tire properties, etc. The crash site is also 
inspected to investigate road characteristics, collision 
objects, etc. Further information is provided by 
forensic examinations, witness statements from the 
police and reports from the emergency services. 
Collision speeds are generally derived by vehicular 
deformation, and the initial driving speed is mostly 
based on eye-witness accounts, brake skids, etc. Pre-
crash braking is also coded based on eye-witness 
accounts, brake and skid marks. The final results of 
each investigation are normally presented in a report. 
Because all fatal crashes are included in the sampling 
criterion, the material can be considered fully 
representative for Swedish road fatalities. 

Due to the low reduction of bicyclist and pedestrian 
fatalities in rural areas, only accidents on the 
national road network (mainly rural roads) were 
included in the present study, accounting for 
approximately 30% of the total number of fatal 
accidents with pedestrians and bicyclists in Sweden 
during the studied accident years, see Table 1. 
Cases classified as suicides were excluded. In total, 
76 killed bicyclists (22 women and 54 men) 
between 2006 and 2015 and 75 killed pedestrians 
(27 women and 48 men) between 2011 and 2015 
were included, see Table 1. The mean age, stature 
and weight of the fatally injured pedestrians and 
bicyclists were 52, 173 cm and 77 kg, respectively.  

Table1. Number of fatalities per accident year on the 
national road network (mainly rural) and total 

number of fatalities 
 

Accident 
year 

n, bicyclists 
rural (total) 

n, pedestrians 
rural (total) 

2006 7 (27) - 
2007 6 (35) - 
2008 9 (32) - 
2009 7 (21) - 
2010 7 (23) - 
2011 9 (22) 15 (54) 
2012 10 30) 16 (50) 
2013 6 (15) 18 (44) 
2014 7 (33) 18 (55) 
2015 8 (17) 8 (28) 
Total 76 (255) 75 (231) 

 
In total, 155 variables were noted for each accident 
according to a matrix designed specifically for this 
study, covering general information of the accident, 
information on the accident scene and surroundings, 
on the killed pedestrian or bicyclist and the striking 
vehicle and its driver.  

Also, an estimation of the time between the moment 
the driver noticed the pedestrian or bicyclist and the 
impact was made, later defined as time-to-collision 
(TTC).  
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The potentials of several vehicle and infrastructure 
safety countermeasures were determined 
retrospectively for each case by analyzing the entire 
chain of events leading to the fatality [14]. By using 
this model it is possible to avoid double counting of 
potentials (i.e. a fatality cannot be prevented twice 
with different interventions) and detailed future 
estimates can be made.  

 

Figure 1. The chain of events from normal driving to a 
crash, from [14]. 

The relevance of infrastructure countermeasures 
was analyzed depending on the road width, traffic 
flow and other road characteristics. Projections 
were made on future fitment of vehicle technologies 
shown to be effective. The method is presented by 
[12, 13] and has previously been used by the 
Swedish Transport Administration (STA) to manage 
the national road traffic safety work and to 
prioritize future interventions. 

The analysis was carried out in three separate steps. 
In the first one, the potentials of different vehicle 
and infrastructure safety countermeasures were 
analyzed. In the second step, it was investigated 
whether each accident would still happen in 2030 or 
2050, and if so, whether it would lead to a fatal 
outcome. Finally, in the third step the fatalities still 
left in 2030 and 2050 (the so-called residual) were 
analyzed. Each step is further described below.  

1) In the first step the potential of various 
interventions was made, see list below.  

• Separated pedestrian and bicycle paths within the 
existing road width, for example within the paved 
road shoulder  

• Separated new pedestrian and bicycle paths  
• Other road designs such as 2-1 roads (see Figure 

2) or shared spaces 
• Pedestrian barriers, i.e. fences at highways 
• Rumble strips 
• Roundabouts 
• Pedestrian and bicyclist crossings with speed 

calming measures (i.e. raised crossings etc.) 
• Changed speed limit 
• Other speed calming measures, i.e. speed bumps 

or chicanes forcing the vehicles to reduce speed 
• Improved winter road maintenance  
• Safe bus stops  
• Electronic Stability Control (ESC) 
• Antilock brakes (ABS) for two-wheelers (incl. 

bicycles) 

• AEB (Autonomous Emergency Braking) low-
speed rear-end (up to 50 km/h) 

• AEB with pedestrian and bicyclist detection  
• AEB reversing with pedestrian and bicyclist 

detection 
• AEB at intersections 
• AEB interurban rear-end 
• Lane Departure Warning (LDW) – Lane Keeping 

Assist (LKA) 
• Autonomous Emergency Steering (AES), warns 

and steers automatically maximum 1 m aside 
(when there is space) to avoid collisions  

• Side radar for HGVs and buses 
• Alcohol interlock systems 
• Bicycle helmets 

 

 
Figure 2. An example of a 2-1 road. 
 

Table 2. Future estimates on implementation rates for 
safety technologies on passenger cars, heavy-good-

vehicles and motorcycles, based on [13] 

Vehicle 
type System 

Implementation rate 
Fast 

Standard MY 
Normal 

Standard MY 
Pass. car ESC 2008 2008 
Pass. car AEB city 2020 2020 
Pass. car AEB VRU 2030 2030 

Pass. car 
AEB reverse 

VRU 
2025 2030 

Pass. car 
AEB inter-

section 
2025 2030 

Pass. car LDW - LKA 2025 2030 
Pass. car AES 2025 2030 

HGV ESC 2020 2020 

HGV 
AEB inter-

urban 
2016 2016 

HGV LDW - LKA 2016 2016 
PTW ABS 2016 2016 

 
2) In the second step, an estimate was made of 

which fatal accidents could be avoided in the 
future, based on the predicted safety 
development of the vehicle fleet, see Table 2. 
For each case, based on the model year of the 
vehicles involved in the fatal crashes, it was 
decided whether they would be fitted with a 
certain safety technology in 2030 or 2050, 
which would make it possible to avoid the 
fatality. This kind of prediction has 
successfully been used by the Swedish 
Transport Administration to manage the 
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national road safety work [12, 15, 16]. While 
these estimations of the development of the 
vehicle fleet were conservative, it is to date not 
possible to make estimations for all vehicle 
safety technologies in the list above (for 
instance alcohol interlocks).  
 

3) In the last step an analysis of the remaining 
fatal accidents in 2030 and 2050 was made, i.e. 
those fatalities not possible to address with 
expected vehicle safety development (so-called 
residual). Such approach makes it easier to 
identify and focus on those accidents that will 
need further actions in the future.  

RESULTS 

The majority of fatally injured pedestrians or 
bicyclists were struck on the carriageway (76% and 
79%, respectively), either when crossing the road 
(43% and 26%, respectively) or moving on and 
along the lane (19% and 43%, respectively), see 
Figure 3. Among bicyclists, the most common 
accident scenario was when they were struck while 
cycling on and along the road, while for pedestrians 
it was crossing the road. Approximately 10% of 
pedestrians and bicyclists were struck on the paved 
shoulder. Less than 10% occurred at zebra crossings 
or bicycle crossings, although none of the analyzed 
cases included any speed calming measure. Very 
few accidents occurred on roads with separated 
lanes.  

 

Figure 3. Description of where the pedestrians and 
bicyclists were struck. 

The analysis showed that the majority of the 
pedestrians or the bicyclists were struck by a 
passenger car (72% and 66% respectively), Table 3. 
The mean collision speed (including cars, LGV and 
HGV) was 70 km/h, and frontal impacts were most 
common. 

 

 

 

 

 

Table 3. Distribution of fatalities per vehicle type  

Striking vehicle Bicyclists Pedestrians 
 n  % n  % 

Passenger car 50 66 % 54 72 % 
LGV 6 8 % 8 11 % 
HGV 6 8 % 8 11 % 
Bus 2 3 % 1 1 % 
Other vehicles 5 7 % 2 2 % 
Single 6 8 %   
Unknown 1 1 % 2 3 % 
Total 76 100 % 75 100 % 

 
Nearly 50% of the pedestrians and bicyclists were 
struck from the side, and 15%-18% from the front, 
Table 4. A much higher proportion of the bicyclists 
was struck from the rear (37%) compared to 
pedestrians (16%). 
 
Table 4. Distribution of impact directions across fatally 

injured bicyclists and pedestrians 

Struck side of VRU Bicyclists 
(n=76) 

Pedestrians 
(n=75) 

Front 15 % 18 % 
Side 43 % 49 % 
Rear 37 % 16 % 
Unknown/other 7 % 16 % 

 
Approximately half of the pedestrians or bicyclists 
had an estimated time-to-collision (TTC) below one 
second from the moment the driver noticed them, 
Table 5. TTC below one second was more common 
among pedestrians (65%), compared to bicyclists 
(43%). In total 63% had a TTC below two seconds 
and 73% below three seconds.  
 

Table 5. Estimated time-to-collision (TTC) from the 
moment the driver noticed the pedestrian or bicyclist 

 Number Proportion (%) 
TTC (s) Bicy. Ped. Total Bicy. Ped. Total 
0-1 33 49 82 43 65 54 
1-2 8 5 13 11 7 9 
2-3 7 8 15 9 11 10 
3-4 5 2 7 7 3 5 
4-5 2 4 6 3 5 4 
5+ 11 2 13 14 3 9 
Unknown 10 5 15 13 7 10 
Total 76 75 151 100 100 100 
 
The majority of the fatal accidents with bicyclists 
occurred under daylight conditions (71%), while 
62% of the fatal accidents with pedestrians occurred 
in darkness, Table 6. An estimation was done of the 
conditions in which bicyclists or pedestrians were 
difficult to detect for car sensors: 12% of the 
bicyclist and 39% of the pedestrian accidents 
occurred under conditions where a combination of 
light, weather and/or sight distance (such as heavy 
rain/snow, fog or blinding sunlight, darkness, etc) 
could not guarantee a proper detection by the car 
safety technology. In 12% of the bicycle and 23% 
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of the pedestrian accidents the vulnerable road user 
was partly obscured by other vehicles or objects. 
The majority of the accidents occurred on dry roads 
(76% for bicyclists and 49% for pedestrians, 
respectively); 36% occurred on wet roads and 15% 
on snow or ice. 
 

Table 6. Lighting condition at the time of accident 

 Bicyclists Pedestrians Total 
Daylight 54 27 81 
Twilight (dusk/dawn) 1 1 2 
Darkness 20 47 67 
Unknown 1  1 
Total 76 75 151 

 
The present material included 6 single bicycle 
accidents (involving 5 males and 1 female). Two of 
the bicyclists were heavily drunk (BAC > 1.0 %), 3 
occurred while exercising, and one occurred due to 
a mechanical fault of the bike. Two of the six 
bicyclists would probably have survived with a 
helmet. 

The analysis showed that 94% of the fatalities 
among bicyclists could be avoided with the 
included interventions for road infrastructure, 
vehicles, bicycle helmet or a combination of them, 
see Table 7. The most common fatal injury was to 
the head (60%); 71% of the killed bicyclist did not 
use a helmet, and forensic reports suggested that 
43% of them would have survived with it. However, 
in almost all of these cases other interventions 
would have had a positive effect as well. In only 1% 
of the accidents the helmet would have been the 
only relevant intervention. Road infrastructure or 
vehicle safety technologies could have prevented 
68% of the fatalities among bicyclists. In four 
accidents (5%), it was estimated that none of the 
included interventions would have been able to save 
the bicyclist. Two of these were single accidents 
that occurred downhill on a narrow road where the 
cyclist had a high velocity, one was struck by a 
truck from behind and one was struck by a wheel 
loader.  

All fatal accidents with pedestrians could have been 
avoided with the analyzed interventions in the road 
infrastructure or with vehicle safety technologies, 
see Table 7. In 71% of the accidents either of the 
interventions could have saved the pedestrian. In 
20% of the accidents only vehicle safety 
technologies would have prevented the fatality 
(compared with 3% for bicyclists).  

 

 

 

 

Table 7. Overview of possible interventions to avoid the 
fatalities for bicyclists and pedestrians  

 
Pedestrians 

(n=75) 
Bicyclists 

(n=76) 

  

Survived 
with 

helmet  

Used helmet/not 
survived with 

helmet 
Road alone 9 %  5 %  13 %  
Road or 
vehicle 

71%  21 %  47 %  

Vehicle alone 20 % 4 %  3 %   
No 
intervention 

0 % 1 %  5 %  

Total 100 %  32 %  68 %  
 
The analysis showed that 55% of the bicyclists 
could be saved by the expected development of the 
vehicle fleet. However, the maximum benefit would 
be far ahead in the future (approximately in 2050) 
due to the predicted implementation rate, see Figure 
4. By 2020, 96% of the original accident population 
would not be addressed and by 2030 between 86% 
and 95% would be left depending on the 
implementation rate. A faster implementation rate, 
shown in Table 2, would mean additional 18 saved 
lives during a 25-year period compared with the 
expected normal implementation rate. 
 

Figure 4. Future estimate of the development of fatally 
injured bicyclists due to the implementation of vehicle 
safety technologies listed in Table 2. Red line = fast 
implementation rate; yellow line = normal implementation 
rate.  

The results for pedestrians were similar, up to 53% 
of the pedestrian fatalities could be avoided with the 
expected vehicle safety development, see Figure 5. 
The maximum effect regarding saved lives is 
expected to be reached in 2050. By 2020, none of 
the fatalities are expected to be addressed; between 
84% and 96% would still remain in 2030. The faster 
implementation rate would mean additional 21 
saved lives in a 30-year period compared to the 
expected normal implementation rate. 
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Figure 5. Future estimate of the development of fatally 
injured pedestrians due to the implementation of vehicle 
safety technologies listed in Table 2. Grey line = fast 
implementation rate; blue line = normal implementation 
rate.  

In summary, the analysis showed that the overall 
potential of saved lives (without double counting) 
was 55% for bicyclists and 53% of for pedestrians. 
It was estimated that the vehicle safety technologies 
with the highest potential were AEB and AES for 
passenger cars with pedestrian and bicyclist 
detection, between 36% and 43% for AEB and 
approximately 37%-46% for AES. In further 3%-
9% of cases a combination with AEB could have 
been effective. 

The analysis also included a number of other 
vehicle safety technologies. These were expected to 
be relevant but no previsions of their 
implementation rate could be made, for example 
AEB and AES with VRU detection for LGVs, 
HGVs and buses, and LDW/LKA for LGVs and 
buses, side radar for buses and HGVs and alcohol 
interlock systems for passenger cars and LGVs. The 
total effect of these additional interventions was 16-
20% for bicyclists and 27-33 % for pedestrians. 
These potentials can be added to the sum in Table 8 
(without risk for double counting, since these 
technologies address a different portion of the 
accidents).  

Table 8. Potential of safety technologies with an expected 
implementation rate listed in Table 2 

Vehicle 
type System Bicyclist

s 
Pedestrian

s  
Pass. car AES 46 % 37 % 
Pass. car AEB VRU 43 % 36 % 
Pass. car AEB VRU+AES 3 % 9 % 
Pass. car ESC 3 % 3 % 
Pass. car AEB low speed 3 % 

 
Pass. car LKA 1 % 1 % 
Pass. car AEB intersection 1 % 

 
Pass. car 

AEB reverse 
VRU  

1 % 

HGV ESC 
 

1 % 
Motorcycle ABS 

 
1 % 

Total without double counting 55 % 53 % 
 

The future estimates made in step 3 showed that the 
potentials of various interventions of the road 
infrastructure on fatally injured bicyclists were 
relatively stable over time, see Table 9. Note that 
the percentage potential of each intervention relates 
to an accident population that is decreasing in the 
future (see Figure 4 and 5). For example, separate 
pedestrian and bicycle paths outside the 
carriageway were estimate to have the potential to 
prevent approximately 50% of the fatalities that 
occurred 2006-2015 as well as those expected to 
occur in 2050. However, the number of saved lives 
in 2050 is expected to be half of the number of 
saved lives in 2015 because many lives would have 
already been saved with vehicle safety technologies.  
The intervention with the highest potential for 
bicyclists was to build separate paths for 
pedestrians and bicyclists (approximately 50%), 
followed by speed calmed crossings with a potential 
of 22%-25% up to 2030, and then dropping to 16% 
due to the effect of the implementation of AEB with 
pedestrian and bicyclist detection. Approximately 
half of that potential was due to new built crossings 
(i.e. there was no crossing at all at the time of the 
accidents). To build a separate lane for pedestrians 
and bicyclists at the side of the carriageway/lane 
was estimated to have low potential due to the fact 
that very few accidents occurred on roads with 
enough width to build such paths. Similarly, the 
potentials for roads designed with shared spaces and 
for safe bus stops were estimated to be low. 
However, it is important to note that most accidents 
occurred in rural areas. Therefore these findings 
may not apply to urban areas.  

Overall, the results for pedestrians were similar, see 
Table 10. The potentials of interventions of the road 
infrastructure were relatively stable over time. The 
largest potential was found for separated paths for 
pedestrians, approximately 30% during the period 
2006-2015 and similar in 2050. Pedestrian and 
bicycle crossings with speed calming measures 
were also found to have a high potential 
(approximately 20% up to 2030 and reduced to 7%-
9% in 2050 due to implementation of AEB with 
pedestrian detection). Compared with bicycle 
accidents, the potential for pedestrians was based on 
new pedestrian crossings for almost all accidents. In 
2050 the potential of pedestrian barriers was 
estimated to be the second highest (18%). The 
potential of building separate paths for pedestrians 
at the side of the carriageway/lane was estimated to 
have a constant potential of 5%-7%. The potentials 
of roads designed with shared spaces and for safe 
bus stops were estimated to be low. 
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Table 9. Potential of different road infrastructure interventions for bicyclists in 2006-2015, 2030 and 2050 

 Bicyclists 
2006-2015 
(min-max) 

2030 
(min-max) 

2050 
(min-max) 

Separate path for VRUs outside the road 49 % 53 % 49 % 53 % 47 % 50 % 
Tunnel or bridge 11 % 11 % 11 % 11 % 8 % 8 % 
Barrier for pedestrians 1 % 1 % 1 % 1 % 3 % 3 % 
Crash barrier 0 % 0 % 0 % 0 % 0 % 0 % 
Roundabout 13 % 13 % 14 % 14 % 8 % 8 % 
Path for VRU on existing road 1 % 3 % 1 % 3 % 3 % 5 % 
2-1 road 11 % 14 % 10 % 13 % 8 % 11 % 
Shared spaces 1 % 1 % 1 % 1 % 3 % 3 % 
Safe bus stop 1 % 1 % 1 % 1 % 3 % 3 % 
Rumble strip 1 % 4 % 1 % 4 % 0 % 5 % 
Pedestrian and bicyclist crossing with speed 
calming measures 

22 % 25 % 22 % 25 % 16 % 16 % 

Newly built crossing 12 % 13 % 13 % 14 % 8 % 8 % 
Other speed calming measure 13 % 13 % 14 % 14 % 11 % 11 % 
Changed speed limit 13 % 16 % 14 % 17 % 13 % 18 % 
Winter road maintenance 4 % 4 % 4 % 4 % 3 % 3 % 
Other interventions 7 % 8 % 7 % 8 % 11 % 13 % 
Total without double counting 82 % 87 % 82 % 86 % 76 % 82 % 
Fatally injured bicyclists per year 7,6 7,2 3,8 

 

 

Table 10. Potential of different road infrastructure interventions for pedestrians in 2006-2015, 2030 and 2050 

Pedestrians 
2011-2015 
(min-max) 

2030 
(min-max) 

2050 
(min-max) 

Separate path for VRUs outside the road 28 % 33 % 27 % 33 % 29 % 33 % 
Tunnel or bridge 9 % 9 % 10 % 10 % 11 % 11 % 
Barrier for pedestrians 13 % 13 % 14 % 14 % 18 % 18 % 
Crash barrier 4 % 4 % 4 % 4 % 7 % 7 % 
Roundabout 8 % 9 % 8 % 10 % 7 % 9 % 
Path for VRU on existing road 5 % 7 % 5 % 7 % 4 % 7 % 
2-1 road 4 % 5 % 4 % 4 % 2 % 2 % 
Shared spaces 0 % 0 % 0 % 0 % 0 % 0 % 
Safe bus stop 1 % 1 % 1 % 1 % 2 % 2 % 
Rumble strip 4 % 7 % 4 % 7 % 7 % 11 % 
Pedestrian and bicyclist crossing with speed 
calming measures 

17 % 20 % 18 % 21 % 7 % 9 % 

Newly built crossing 15 % 17 % 15 % 18 % 7 % 9 % 
Other speed calming measure 13 % 15 % 14 % 15 % 9 % 9 % 
Changed speed limit 15 % 16 % 14 % 15 % 7 % 7 % 
Winter road maintenance 1 % 1 % 1 % 1 % 0 % 0 % 
Other interventions 4 % 5 % 3 % 4 % 2 % 4 % 
Total without double counting 73 % 80 % 73 % 79 % 67 % 73 % 
Fatally injured pedestrians per year 15 14,6 9 
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DISCUSSION 

This study had a holistic approach to provide road 
authorities and vehicle manufacturers with 
important recommendations for future priorities.  

Most often the vulnerable road user was struck by a 
passenger car and most often on roads with a speed 
limit between 70 and 90 km/h. Very few accidents 
occurred on roads with separated lanes. Studies of 
fatal accidents with bicyclists occurring in 
Germany, the Netherlands, France, Italy, the UK 
and Sweden during 2001 and 2012 have shown that 
more than 50% of all accidents occurred when the 
bicyclist crossed the road [17]. The findings in the 
present study indicated a lower proportion, probably 
due to the fact that only fatal accidents on rural 
roads were included. More than 80% of the 
accidents on the national road network included 
occurred in rural areas, the remaining accidents in 
urban areas. 

71% of the fatal accidents with bicyclists occurred 
in daylight, which was well in line with European 
data showing 65-75% of cases occurring in daylight 
[17]. In the present study, the vast majority of 
accidents with pedestrians occurred in darkness 
(63%), although a European study has shown a 
lower proportion (approximately 50%) [18]. 

As the accident sample only included roads of the 
national road network (mainly rural roads) many 
accidents occurred on roads with high speed limit, 
especially regarding bicyclists. However, 17-25% 
of the accidents occurred on roads with a speed 
limit between 40 and 60 km/h. In a European study 
[17] 40-60% of the accidents occurred on roads 
with a speed limit between 50 and 60 km/h. The 
proportion of accidents on roads with a speed limit 
above 60 km/h differs a lot between the European 
countries, probably depending on differences of the 
infrastructure. 

It was found that approximately half of the 
pedestrians or bicyclists had an estimated time-to-
collision (TTC) below one second from the time the 
driver detected them. In total 63% had a TTC below 
two seconds. Uittenbogaard et al. [17] found that 
80% of the bicycle crossing accidents involving 
some view-blocking obstruction had a TTC below 2 
s. A study where bicycles were fitted with on-board 
drive recorders [19] showed that car drivers often 
had a short of time to plan and overtake the 
bicyclist. When something unexpected happened, 
forcing the driver to avoid an imminent collision, 
the driver had very little time to react, often less 
than 2 s. The study also showed that the driver often 
kept too short distance to the bicyclist.  

Furthermore, it was shown that the most common 
accident scenario among killed bicyclists on rural 
roads was when the bicyclist was struck while 
cycling along and at the side of the road; Table 4 

shows that 43% of the killed bicyclists was struck 
from the side. One explanation is the presence of 
cyclists along the roadway who suddenly turn 
across the lane in front of a vehicle, which could 
also indicate that the driver often kept too short 
distance to the bicyclist. The most common accident 
scenario among killed pedestrians was that the 
pedestrian was struck while crossing the road. 

The findings clearly showed that a too short 
distance and high speed led to a high risk of a fatal 
accident. These issues suggest that the demands on 
safety technologies such as AEB and AES may be 
high. 

The number of fatalities in road traffic accidents is 
decreasing in Europe, especially regarding car 
occupants. While the number of fatalities among 
cyclists does not follow the same trend [2, 20, 21], 
positive interventions have been introduced in cars 
lately that may have large benefits. Autonomous 
Emergency Braking (AEB) including pedestrian and 
bicyclist detection is one example. Currently, AEB 
systems aimed at avoiding and mitigating car-to-car 
and car-to-pedestrian collisions are covered in the 
Euro NCAP tests. From 2018, Euro NCAP will also 
include AEB with bicyclist detection in their safety 
assessments. However, the effect on the fatal 
accidents expected to occur in Sweden by 2030 
would be limited due to the expected 
implementation rate of such relevant technologies. 
It is important to speed up the implementation rate, 
for example by including them in consumer tests 
like Euro NCAP, but also with national scrapping 
programs, by including such technologies in 
purchase policies for fleet purchasers, faster 
legislative actions or economic incentives such as 
insurance discounts. Technologies like AEB with 
pedestrian and bicyclist detection need to be 
implemented also on LGVs and HGVs. Even though 
the implementation rate would increase with for 
example scrapping programs, it would still have 
marginal effect on the societal economical savings. 
In total, it was estimated that 39 lives would be 
saved in a 30 year period with a fast implementation 
rate compared to the expected one. While the 
prognoses of implementation rates were considered 
to be conservative, it is important that these should 
be reviewed in the future and validated against the 
actual implementation, in order to adjust the 
predictions of road fatalities. It should be also noted 
that such prognoses were made specifically for the 
Swedish market and therefore may not apply to 
other regions of the world. 

Since many of the fatal accidents occurred in 
darkness (37%) it is recommended that the vehicle 
sensors for AEB or AES should be able to detect 
bicyclists and pedestrians in darkness. Furthermore, 
many accidents occurred under conditions that may 
be difficult for the sensors. To be able to avoid 
these accidents the vehicle sensors need to be able 
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to detect pedestrians and bicyclists also (apart from 
darkness) in heavy rain, fog, blinding sunlight etc. 

To achieve the traffic safety goals in Sweden a 
number of performance indicators are used and 
followed over time [21]. Important indicators for 
vulnerable road users are helmet wearing rates for 
bicyclists and proportion of safe crossings for 
pedestrians, bicyclists and mopeds. Forensic reports 
suggested that 43% of the non-helmeted bicyclists 
would have survived with a helmet. While in almost 
all of those cases other interventions would have 
had a positive effect as well, the present study 
confirmed that bicycle helmets are effective in 
reducing fatal head injuries among bicyclists.  

In 2015 the proportion of safe crossings for 
pedestrians, bicyclists and mopeds was estimated to 
be 25% in built-up areas in Sweden [21]. In the 
same report it was also concluded that this 
proportion needs to be improved significantly until 
2020 in order to reduce the number of road 
casualties according to the national goals. In this 
study it was estimated that safe crossings for 
pedestrians and bicyclists had the potential to avoid 
30% of the fatal accidents. 

Separated paths for bicyclists and pedestrians were 
the intervention with the highest potential to avoid 
the fatal accidents (50%). However, it may be 
difficult to build separated paths for bicyclists and 
pedestrians on the majority of the rural roads within 
a short time frame. A plan for prioritization is 
therefore necessary. It is also important to note that 
the safety potentials shown in the present paper 
would be achieved only with a systematic 
implementation of the analyzed countermeasures in 
the whole road network. 

The present findings were based on some 
limitations and assumptions. While the material 
used was fully representative for Swedish 
conditions, in such retrospective studies it may be 
difficult to take into account the possible behavioral 
adaption that could follow the implementation of 
certain countermeasures. 

Also, the method used in this study has some 
advantages and drawbacks. One important 
advantage is that there is a greater knowledge today 
of vehicle safety technologies to be introduced in 
the coming years. There is also a better knowledge 
of the developments of the road infrastructure. For 
each in-depth study it was investigated whether the 
accident would lead to a fatality if it happened in 
2030 or 2050. A fatal accident that was estimated to 
be avoided by 2030 or 2050 was removed from the 
accident sample for the next step, thus providing a 
population of future crashes that will need further 
actions. This may be the biggest advantage of this 
method, compared to other approaches: the result of 
the predictions is not just the number of fatalities by 
a certain year, it is rather an actual crash population 

that can be further analyzed to identify future safety 
gaps and test different hypotheses. Furthermore, 
with that approach it is not possible to save one life 
more than once, i.e. double counting is avoided. 
The potentials of various interventions were 
calculated on the accidents 2006-2015 but also from 
an accident sample that is dynamic and is reducing 
in the future due to already ongoing interventions. 
However, the analysis is limited in the sense that 
influence of post-crash interventions, such as 
rescue, hospital care and rehabilitation, on fatality 
outcomes are not included in the analysis. It is 
difficult to take such effects into account in this 
type of analysis. It was assumed that rescue, 
emergency care and rehabilitation would have the 
same standard in Sweden during the analysis period.  

Another limitation is that the potential of improving 
car crash safety for pedestrians and bicyclists (such 
as protective front-end design) was not included in 
the analysis. There is rather limited knowledge of 
the effect of improved vehicle front-end design in 
real-life fatal accidents with pedestrians and 
bicyclists. However, studies have shown a 
significant correlation between Euro NCAP 
pedestrian protection scores and the risk for injury 
and permanent medical impairment based on real-
world crashes [7, 22].  

A further limitation of this method is that it may be 
difficult to take future trends into account. An 
example could be the steadily increased popularity 
of e-bikes. While all analyzed bicycle accidents 
involved traditional bikes, it has been reported that 
the average speed of e-bikes is higher than 
traditional ones [23], which means a higher injury 
risk [24]. That may have some implications 
regarding how to generalize the results to the 
current accident situation.  

A systematic implementation of the analyzed 
countermeasures of the whole road network is 
necessary in order to achieve the safety potentials 
shown in the present paper. Furthermore a 
systematic review and analysis of fatal accidents 
with pedestrians and bicyclists also in urban areas 
using the same approach would be important to get 
a complete picture of the problem. 

CONCLUSIONS 
The most common accident scenario was that the 
bicyclist was struck while cycling along and at the 
side of the road, the pedestrian was struck while 
crossing the road. Most often the vulnerable road 
user was struck by a passenger car and most often 
on roads with a speed limit between 70 and 90 
km/h. Very few accidents occurred on roads with 
separated lanes. Based on forensic reports, it was 
also found that 43% of the non-helmeted bicyclists 
would have survived with a helmet. 

It was estimated that a large proportion of the fatal 
accidents with pedestrians and bicyclists could be 
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addressed by advanced vehicle safety technologies, 
especially AEB and AES with pedestrian and 
bicyclist detection. With regard to interventions in 
the road infrastructure, separated paths for 
pedestrians and bicyclists, pedestrian barriers and 
pedestrian/bicyclist crossings with speed calming 
measures were found to have larger safety 
potentials.  

However, it will take a long time until the advanced 
and potentially effective vehicle safety technologies 
will be widely spread, which shows the importance 
of speeding up the implementation rate. A fast 
introduction of effective interventions of the road 
infrastructure is also necessary, preferably by using 
a plan for prioritization.  

Due to the relatively large number of fatal accidents 
occurring in darkness or other adverse conditions 
(heavy rain, fog etc.) it is recommended that the 
vehicles sensors should be designed to detect 
pedestrians and bicyclists under such conditions as 
well. 

It is also important to note that the safety potentials 
shown in the present paper would be achieved only 
with a systematic implementation of the analyzed 
countermeasures in the whole road network. 
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ABSTRACT 
 
The development of Automated Driving Systems is challenging international regulators to make change in order 
to determine how such systems may be legally sold and driven on our roads. Road safety is expected to be one 
of the main benefits of automation but it also offers the potential for significant new risks, particularly in the 
early stages. The insurance industry has a core interest in both the technological and associated regulatory 
changes because of their impact on liability, cost, and underwriting and has sponsored significant research 
activity to understand the issues.  

Driver assistance systems that act in the brief moments before a collision, or to support and not replace driver 
inputs, are being progressively proven effective and full automation (SAE levels 4&5) is expected to be highly 
beneficial. However, where the driver is not needed for the driving task but must be capable of resuming control 
at any moment (SAE 3) considerable risks of public confusion and pricing difficulty have been identified. 
Modelling of crash risks suggests that the net benefits of such systems will be positive but that significant risks 
remain. This would support a binary definition of Automated Vehicles at SAE level 4 and above. Anything at 
level 3 or below would be considered Assisted Driving where the driver remains responsible for safe operation. 
It is considered that to avoid becoming a barrier to positive changes, developing the requirements for automated 
vehicles should commence now. In the short term, the development of requirements related to assisted highway 
driving at SAE level 2/3 should continue with the aim of maximising safety benefits as well as minimising risks. 
The latter may require full driver monitoring systems rather than simple measurement of whether driver’s hands 
are on the wheel. Consideration should be given to creating a separate regulation integrating requirements for 
assisted and autonomous driving as well as to the implementation of different regulatory approaches, potentially 
including elements of self-certification. The aim should be to maximise the speed and flexibility of the 
regulatory process while providing clear, coherent and robust requirements.  
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INTRODUCTION 

The development and availability of Automated 
Driving Systems is challenging International 
regulators to make change in order to determine 
how such systems may be legally sold and driven 
on our roads. The insurance industry has a core 
interest in both the technological and associated 
regulatory changes because of their impact on 
liability, cost, and underwriting. 

Road safety is expected to be one of the main 
benefits from automation but it also offers the 
potential for significant new risks, particularly in 
the early stages. Most commentators agree that full 
automation (SAE level 4&5) has the potential to 
substantially reduce collisions. Pre-crash driver 
assistance systems act only in the moments before 
an imminent collision (SAE 1&2) and there is ever 
growing evidence of the casualty reduction 
effectiveness of this type of system. However, there 
is also a growing body of research evidence 
identifying significant risks associated with driver 
assistance functions that take control over large 
parts of the driving task while still requiring the 
driver to monitor the road or at least to become a 
redundant fall back in any situation where the 
system cannot cope (SAE L2/3). 

Regulators in Europe are currently working on 
amending existing regulations to explicitly permit 
and control this latter form of driver assistance. The 
aim of this paper is a preliminary exploration of the 
risks and benefits of the technology and how this 
relates to regulatory amendments already under 
discussion and others that may be required in 
future. 

UNECE REGULATION 79 

Currently, UNECE R79 governing steering systems 
forms a barrier to the sale of higher levels of 
automation in Europe. It defines different 
categories of steering automation: 

• Driver assistance (ADAS) steering 
o Corrective steering 
o Automatically commanded 

steering function (ACSF) 
• Autonomous steering 

 

ADAS steering can rely only on signals generated 
on-board the vehicle and is permitted in the 
circumstances defining corrective and 
automatically commanded steering functions. For 
corrective steering the automated input must be 
discontinuous and of short duration, well matched 
to the characteristics of a basic lane keep assist 
system. An ACSF can be a continuous function but 
is only permitted at speeds of up to 10 km/h, well 

matched to the characteristics of basic parking 
assist systems. In practice, the definitions are such 
that it has proved possible to approve a range of 
systems that are considerably more advanced than 
the simple examples likely to have represented the 
original intent. These include systems capable of 
continuous high speed lane centring and even 
automated execution of a lane change commanded 
by the driver. 

Any system that uses signals generated off-board 
the vehicle are classed as autonomous steering and 
are explicitly prohibited. 

An informal UNECE committee began work on 
amending R79 in relation to automated steering in 
April 2015. During this process a series of new 
categories of steering assistance have been defined 
(UNECE, 2017): 

• Corrective steering function: a limited 
duration input e.g. to improve stability in 
side wind 

• ACSF A: low speed assistance e.g. 
parking 

• ACSF B1: assisting the driver to keep in 
lane 

• ACSF B2: system that can keep the 
vehicle in lane for extended periods 
without driver intervention 

• ACSF C: auto execution of a single lane 
change requested by the driver 

• ACSF D: system that identifies 
opportunity for lane change, and if 
confirmed by the driver, executes it 
automatically 

• ACSF E: Once activated by driver, 
capable of keeping the vehicle in lane and 
executing lane changes as and when 
required without further driver input. 

 

It is envisaged that the B2 category can be 
combined with categories C to E, such that an 
individual system might be category B2C or B2E. 

The work on defining the requirements for various 
categories has been split into stages.  

Stage one: CSF, ACSF A & B1 

Stage 1 provided new definitions and requirements 
for corrective steering and ACSF category A & B1. 
It is essentially complete and is expected to enter 
into force by September 2017. In summary, these 
amendments clarify and strengthen the 
requirements related to systems such as remote 
parking and lane keep assist systems. The former is 
permitted provided the remote function is based on 
a ‘deadmans handle’ principle and operates only 
over a limted range. The latter are permitted 
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providing the system detects whether the drivers 
hands are on the wheel and warnings are issued if 
there are no hands on for 15 seconds. The warnings 
escalate such that if no hands are detected on the 
wheel for a whole minute, the system is 
deactivated. 

Stage 2: Category B2, C, D and E 

Discussion of the requirements for stage 2 systems 
began in parallel with those for stage 1 but 
development was suspended to allow the early 
completion of stage 1. Work resumed on stage 2 in 
March 2017 and it has been proposed (OICA, 
2017) that this work should be complete by March 
2018 which would mean that it could enter force 
ready for first approvals in early 2019. 

The systems covered in this stage begin with those 
with functionality similar to the Tesla AutoPilot 
and Mercedes Drive Pilot, which will undertake 
prolonged lane keeping functions and execute lane 
changes on command. However, it also extends to 
future systems capable of both identifying the need 
and opportunity to change lanes automatically and 
executing the manoeuvre without further driver 
intervention. The basic remit of the group has been 
to only consider systems at SAE level 2 where the 
driver remains responsible for monitoring the road 
environment at all times (described as “hands off 
but eyes on”). However, industry anticipate (OICA, 
2017) that this remit will be expanded to add 
systems at SAE level 3 where the driver only needs 
to be available as a redundant back-up in the event 
of a problem or a situation the system cannot deal 
with.  

The requirements for this stage are still under 
discussion and a variety of proposals have been 
made1. These have included: 

• Restricting to roads of motorway standard 
only 

• Keeping hands-off warnings at 15 seconds 
• Extending hands-off warnings to 3 

minutes 
• Replacing hands-off warnings with driver 

monitoring (i.e. hands can be off as long 
as eyes and brain are on) 

• Capability for emergency manoeuvre in 
the event of sudden hazard ahead: AEB 
from 130 km/h and/or lane change 

• Capability of a minimum risk manoeuvre 
in the event the driver drops out of the 
loop: Progressive stop in lane or safe stop 
at side of road. 

                                                           

1 For details see 
https://www2.unece.org/wiki/pages/viewpage.actio
n?pageId=25265606 

Draft test procedures have been considered for 
some elements of performance but, at this early 
stage, many aspects still lack technical detail in 
definition, requirements and test methods. 

Stage 3: full automation (level 4/5) 

At the time of writing, stage 3 had not yet been 
defined and no timetable had been produced. 
However, appropriate requirements are needed for 
systems sufficiently robust for the driver not even 
to be required as a redundant backup, only to 
continue the journey once the end of the 
operational design domain has been reached. 

IDENTIFYING THE RISKS AND BENEFITS 

Risks 

It is now well documented that the road to fully 
automated vehicles carries some risks that crashes 
may occur as a consequence of automation. In 
other words, crashes that would not have occurred 
if the vehicle had been driven manually. The 
concern around this focusses mainly around SAE 
level 2 and 3 systems that take over large parts of 
the physical control task from the driver, but still 
require the driver to monitor the environment 
constantly (level 2) or at least to be capable of 
resuming control at any given moment (Level 3). 
The theory is that the less the driver is fully 
engaged in the control of the vehicle, the more 
easily distracted they become and the more 
disengaged they become from the environment, 
making it difficult for them to identify risks that the 
system may miss, or to resume control when 
required. A long history of automation in aviation 
would tend to back up that theory and a range of 
human factors experiments confirm varying 
degrees of impairment as a result of lack of 
engagement in driving (see for example, (Merat & 
Jamson, 2009) (Jamson, et al., 2014) (Young & 
Stanton, 2007)). 

(De Winter, 2014) shows that compared with 
drivers of a manual car, drivers operating ACC and 
highly automated driving systems were much more 
likely to undertake a secondary task. Further, 
(NTSEL, 2016) have shown that drivers of highly 
automated vehicles not engaged in a secondary task 
are much more likely to become drowsy than 
drivers of manual vehicles. The most affected 
subject in this experiment started to show signs of 
drowsiness after just three minutes. 

Other authors have considered the response of the 
driver of an assisted vehicle to requests to take over 
the driving in response to a variety of situations. 
The results vary considerably. For example, (Gold 
2013) suggested that providing a takeover request 5 
to 7 s in advance ensures that drivers of a high 
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automated car avoided stationary objects. (Jamson, 
et al., 2014) found that the time required to regain 
control after a transition request was 10-15 seconds 
and it could take as long as 45 seconds for 
behaviour to fully normalise.  

However, there are also examples of research 
showing similar response times to critical events. 
For example, (Kircher, et al., 2014) found that in 
response to critical events such as a broken down 
car, a curve event and an exit event, drivers 
behaved intelligibly resuming control where 
necessary and leaving the automation in control 
where not. (Merat, et al., 2012) found that where 
drivers were required to change lanes to negotiate 
past a hazard in the lane ahead, then there was no 
difference in performance between manual and 
highly automated driving provided the drivers were 
not distracted by a secondary task. (De Winter, 
2014) summarised the complex evidence as 
suggesting that if drivers remain motivated in 
highly automated driving then their spatial 
awareness can improve relative to manual driving. 
If they become drowsy or are distracted by a 
secondary task their spatial awareness will be 
degraded. The evidence suggests that in the 
absence of measures to prevent it, the drivers of 
highly automated vehicles are more likely than 
drivers of manual vehicles to become drowsy or to 
be distracted by secondary tasks. 

(Edwards, et al., 2016) studied how regulatory 
proposals controlled for some of these risks. They 
found that hands-on detection left room for 
potential abuse of SAE level 2 and 3 systems. That 
is, it did not represent a good proxy of the drivers 
state of spatial awareness as considered by (De 
Winter, 2014). 

Almost all of these studies have been undertaken in 
driving simulators of varying fidelity and this does 
introduce significant limitations about, for 
example, how well they represent the real function 
and reliability of automation, the HMI that will 
actually be employed in production vehicles and, 
generally, the differences between driving a 
simulator in an experiment and driving in real life. 
It may be notable that none appear to directly 
simulate responses in the type of conflict resulting 
in the first documented fatality involving mis-use 
of an SAE level 2 assistance system (NHTSA, 
2017). 

Benefits 

The safety benefits of automated driving are often 
simplistically associated with the well quoted 
statistic that human behaviour contributes to 90-
95% of crashes. Whilst broadly correct, it is 
important to note that some of the humans 
contributing to the causes of those crashes do so as 

pedestrians and pedal cyclists, and these 
contributions will not be directly affected by the 
automation of road vehicles. Despite the fact that 
the road vehicles may get better at compensating 
for the errors of pedestrians or cyclists, it is 
apparent that even full automation will not 
necessarily eliminate all casualties related to 
human error. 

When considering the developments that will fall 
within the scope of the second stage of UNECE 
regulatory amendments, it is apparent that they will 
be most commonly used on Highways and, in 
Europe at least, may be restricted by Regulation to 
work only on roads of Motorway standard (divided 
carriageway, no pedestrians, no cyclists, no cross 
road junctions etc.). These are the least complex 
road environments and analysis of traffic and 
accident data suggests that this reduced complexity 
does indeed translate to a reduced collision risk. In 
GB, 20% of all vehicular traffic (vehicle km’s) is 
carried by motorways, but just 5% of casualties and 
5% of fatalities occur on these roads (see Figure 
1). 

Figure 1: Traffic and casualties by road class. 
Source: UK Government statistics 

 

Highly assisted driving will not be mandatory; it 
will be the driver’s choice to switch it on or not. 
So, even when vehicles are equipped, not all 
motorway travel will be undertaken with the 
assistance activated. Combined with the fact that 
the environment that it can currently be used in 
experiences only around 5% of crashes, this limits 
the crash prevention potential. The types of crashes 
that occur on motorways are examined in more 
detail in Figure 2, below. 
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Figure 2: Collision types relevant to Motorway 
Assist technologies. Source: Stats 19 

 

It can be seen, for example, that front to rear 
collisions make up 35% of those crashes that occur 
on Motorways. In a Motorway Assist or 
automation mode, the AEB on a vehicle will be 
able to stop the vehicle from higher speeds than 
normal AEB because there will not be a concern 
about annoying a driver who was about to 
manually change lane (for example). The driver has 
already relinquished control to the vehicle and 
should not, therefore, be annoyed by a much earlier 
intervention. Thus, motorway assist should be 
highly effective at reducing front to rear collisions 
on the motorway. However, this translates to just 
0.7% of all injury crashes reported to the police, so 
the maximum impact of the additional benefit of 
the automation is limited. 

Although the direct safety benefit of the motorway 
assist type of technology may be limited, the 
sensors and algorithms required to enable it can be 
used for other activities. Studying the new vehicle 
market shows that vehicles with high levels of 
assistance in normal driving (e.g Mercedes, Tesla, 
Volvo) are also coming with a wide range of 
emergency assistance features that are not active in 
normal driving, but which do intervene in the 
moments just before a collision. Several of these 
technologies, particularly AEB have been shown to 
be highly effective at reducing crash frequency, see 
for example (Doyle, et al., 2015) (Fildes, et al., 
2015) (HLDI, 2015). These can be considered to 
form a technology ‘Safety Net’ that will typically 
work on all types of road in a diverse range of 
collisions. They usually default to being switched 
on all the time. Thus, they have the potential to 
influence the 95% of injury crashes that occur off 
the motorway network and are likely to be very 
effective. 

QUANTIFYING THE RISKS AND BENEFITS 

In order to inform the UK insurance industry of the 
possible impact of increasing levels of automation, 
Thatcham Research has created a complex 
predictive model, known as the ‘Claims of the 
Future’ model. It covers a wide range of 
technologies and different impacts on claims, not 

just casualty reduction. The basic structure of the 
model is shown in Figure 3, below. 

Figure 3: Basic structure of calculations in the 
Thatcham ‘Claim of the Future’ model 

 

Casualty Reduction Potential 

The first two lines of the structure above relate to 
predictions of the casualty reduction potential of 
different technologies. They begin with a forecast 
of ‘business as usual’ casualty trends if no new 
technologies were introduced. This is divided into 
different crash types that might be affected 
differently by different technologies. Samples of 
in-depth casualty data are used to further divide the 
crashes into different categories (e.g. road class, 
speed, weather and lighting conditions etc). The 
characteristics of each technology system are then 
mapped onto this complex matrix of crash types to 
see which of them the system would be likely to 
avoid, mitigate, or do nothing for. From this, the 
potential casualty reduction can be calculated. This 
is factored by estimates of the likely fleet 
penetration of each technology in any given future 
year and estimates as to what proportion of time the 
driver will choose to use the system. The resultant 
estimate of casualty reduction is subtracted from 
‘business as usual’ forecasts to produce the 
estimated effect. 

Of the technologies considered within scope of the 
model, only AEB has large quantities of post-hoc 
statistical measurement of its real world 
effectiveness. This is partly because newer 
technologies may not yet have sufficiently 
penetrated the fleet to reach significant results. 
However, it is also partly because newer 
technologies are often sold as part of a package of 
different technologies, not as a single system such 
that it is becoming harder to measure their effects 
separately.  

 A wide range of studies have been undertaken and 
almost universally show very positive benefits of 
AEB, though the exact magnitudes vary quite 
widely depending on individual study controls, 
vehicle makes and models compared and whether 
comparisons are based on insurance claims of 
different types, frequencies and cost or based on 
police reported injury crashes. Thus, AEB was used 
as a candidate technology to calibrate the predictive 
methodology. It was found that the predictive 



Avery 6                                                                                                                                                                                             

method forecast an effect that was towards the low 
end of the range measured by post-hoc statistical 
surveys. It was, therefore, considered to be 
appropriately conservative. 

When all technologies in scope are considered, the 
model predicts that by the year 2030, overall 
insurance claims frequency will be between around 
15% and 25% lower than it would be if these new 
technologies were not being introduced. 

New risks Model 

Claims of the future covers a range of ‘new risks’ 
associated with automation, including items 
associated with repair of sensors, or the effect of 
camera recalibration requirements on windscreen 
replacement claims etc. This paper considers only 
the elements relating to the chances of collisions 
occurring with level 2 or 3 systems that would not 
have occurred if the driver had been driving 
manually. 

A predictive model was used, in a similar way to 
the casualty reduction model and the basic 
calculation is highlighted below. 

Figure 4: Illustration of calculation of likely 
collisions as a consequence of drivers 
performing poorly when supervising level 2 
automation or when acting as redundant 
backup with Level 3 systems. 

 

 

The range of situations, failures and other factors 
considered within the model are illustrated below 

Figure 5: Input parameters assessed within the 
driver behavioral ‘new risk’ model 

 

The creation of this model provides the 
functionality to allow the magnitude of the possible 
impact of new risks to be explored. However, at 
this stage the input evidence available is limited by 

the fact that few systems are in production, in low 
volume vehicles only and the detailed results of 
trials are typically not publicly available. Thus, the 
absolute magnitude of results remains uncertain but 
the sensitivity analysis and preliminary conclusions 
provide valuable early insight. At this stage, the 
input evidence has been based on a variety of 
sources, including: 

• Vehicle travel data by road type 
• Current collision rates per vehicle km for 

relevant classes; 
• Typical failure rates for seafety critical 

electronic components; 
• Simulator studies and other human factors 

experiments; 
• Publicly available data on transition 

requests from trials e.g. (Google Auto 
LLC, 2015); 

• Proportion of manually driven collisions 
where certain situations/features were 
present. 

 

Indicative results from the model are shown below. 

Figure 6: Indicative estimate of new crashes 
with level 2/3 assisted driving technologies that 
would not have occurred if the vehicle was 
manually driven. 

 

Discussion of risks and benefits 

In absolute terms the forecast number of new 
crashes was small and the number of crashes 
prevented by the associated ‘Safety Net’ of pre-
crash safety technologies was an order of 
magnitude higher. Thus, it is expected that the net 
benefit of Level 2 and Level 3 assisted driving 
technologies should be overwhelmingly positive. 
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However, aside from the positive net effect, the 
analysis suggests a range of risks. In particular, if a 
vehicle becomes stationary in lane on a high speed 
road because a driver has failed to respond to a 
takeover request, then there is clear potential for 
catastrophic claims. As well as the obvious risks to 
the individuals involved and their families, these 
have the potential to be extremely damaging to the 
reputation of vehicle automation and can cause 
significant damage to the individual insurer held 
liable. In addition to this, the wide range of 
different approaches and the highlighted 
importance of HMI could make it very difficult for 
insurers to accurately price risks. 

Another important caveat in this analysis is the 
input data in relation to the market penetration of 
assisted driving technologies at SAE level 2 and 3. 
As things stand, the use of Level 2 systems such as 
Mercedes Drive Pilot or Tesla’s Autopilot require 
the driver to monitor the environment constantly. 
There is a reduction in the driver workload and, 
therefore, potentially their stress level. However, it 
is not legally permitted to use a hand held phone or 
to be distracted from driving in any other way. 
Given that the systems are expensive optional 
extras, there is a limited incentive to purchase 
them. 

Once systems are introduced at SAE level 4 and 
above, it is expected that it will become legally 
permissible to undertake secondary tasks at the 
wheel. This allows drivers either extended leisure 
of working time, which they are expected to value 
highly. Thus, there will be considerable incentive 
to pay for the systems. 

At SAE level 3, the model has assumed that the 
same limitations on driver activity will be applied 
as for Level 2. Thus, it is also assumed that the 
commercial purchase incentive will remain limited 
and that level 3 systems will form a technological 
stepping stone to Level 4. Thus, it was forecast that 
the market penetration of level 3 systems will 
remain relatively low, never reaching anything near 
100%. 

If these assumptions were to prove incorrect, for 
example if regulators permitted secondary tasks 
while driving a level 3 car, or if the additional cost 
of moving to level 4 proved prohibitive, then 
market penetration of level 3 technologies would 
be expected to greatly exceed the currently forecast 
levels. This would substantially change the 
predicted absolute number of additional crashes as 
a consequence of the identified behavioural risks. 

 

 

IMPLICATIONS FOR REGULATIONS 

Defining Automation 

There is clear evidence from the human factors 
research reviewed and the extensive recent media 
coverage of automated vehicles that the driving 
public could become confused as to the capability 
of any vehicle which they are driving. Although 
initial analysis suggests that the benefits of SAE 
level 2 and 3 technologies are likely to outweigh 
the risks, this evidence suggests that there would be 
considerable merit in providing a clear definition of 
automated vehicles. 

The SAE definitions (SAE, 2014) are very useful 
for engineers but have not been considered 
appropriate for use in UNECE Regulations. There, 
8 categories of different steering automation have 
been defined. It is considered that both of these sets 
of definitions are too complex for the avoidance of 
risks arising from driver behaviour. When 
communicating important messages to the public it 
is important to keep things simple. A binary 
approach to the definition of automation would, 
therefore, have clear advantages for the driving 
public, insurers and regulations relating to vehicle 
usage. This is illustrated at a high level in Figure 7, 
below. 

Figure 7: Illustration of a binary definition of 
vehicle automation. 

 

The essential public message here is that a vehicle 
is not capable of automated driving until it is 
legally permissible to ignore the driving task 
completely, at least for defined sections of the 
journey. Any other system should be considered, 
irrespective of how it is marketed, to be Assisted 
Driving only. However, this will require a technical 
definition of automation that can be used by 
regulators and meet the needs of insurers and other 
stakeholders. Some key requirements of this 
definition have been identified during the course of 
the analysis but may not be exhaustive at this early 
stage: 

• A safe system of operation must be 
supported. The system must be able to 
determine (utilising all the information 
available to it from on-board and off-

• systems that support the driver with 
steering, acceleration and braking 
either separately or in combination but 
where the driver is ultimately in control 
and clearly responsible. 

Assisted

• systems that can take full control of the 
driving task for parts of a journey under 
restricted conditions (SAE4) of in all 
conditions (SAE5)

Automated 
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board sources) in what circumstances it is 
able to offer its driver an Automated 
Mode of operation, taking into account:- 

o The environment in which it is 
operating (type of road, car park, 
private drive etc); 

o Traffic conditions, road 
pavement conditions etc. 

o Weather 
o Connectivity 
o Speed limit and/or average traffic 

speed 
• A vehicle may offer one or more 

Automated Modes, for example,on 
Motorways and fully separated dual 
carriageways, low-speed urban roads, car 
parks etc. This should defined by the 
manufacturer but enforced by regulation 
such that the system cannot be activated 
outside of those modes. 

• Engagement of an automated mode must 
go through a properly planned and 
executed “offer and confirm” process.  
Automated mode should only ever be 
engaged after the vehicle has understood 
the planned journey and/or parking 
manoeuvre and confirmed it is safe, where 
that Automated Mode will become 
available and where, if applicable, any 
handback to manual control will need to 
take place. 

• A vehicle must be able to deal with all 
situations it would reasonably be expected 
to encounter within the active Automated 
Mode, without monitoring or intervention 
from the driver.  For example, on urban 
roads an Automated vehicle should be 
capable of dealing with all other road 
users. Whilst operating on a Motorway, it 
should expect to deal with pedestrians on 
the hard shoulder next to a broken-down 
car but not necessarily in a running lane.  

• As a minimum, a vehicle in an Automated 
Mode should enforce compliance with the 
designated speed limit. However, 
consideration could be given to 
introducing risk adaptive speed control. 
For example, when a vehicle is operating 
in a 30 mile/h limit but detects a large 
quantity of pedestrians on the kerb it 
might slow to 20 mile/h. By contrast, on a 
street where a 20 mile/h limit is posted 
(typically to improve pedestrian safety) at 
4:30 in the morning where no pedestrians 
are detected in the vicinity of the vehicle, 
it might permit a speed of 30 mile/h. This 
would clearly require amendment of 
existing speed limit legislation.  

• Sufficient redundancy will be required to 
allow an Automated Vehicle operating in 

an Automated Mode to fail in a safe 
manner.  For example, if any one single 
part of the system fails (e.g. a single 
sensor, or connection to the cloud map) 
then there should be sufficient redundancy 
for the vehicle to safely complete the 
planned journey at least as far as a 
previously identified ‘safe haven’ (i.e. not 
just at the side of the road adjacent to 
where the failure occurred), possibly at 
reduced speed. 

• For the avoidance of doubt, any human 
driver in an Automated Vehicle operating 
in Automated Mode shall not be 
considered a redundant system or solution.  

• An Automated Vehicle may be certified as 
such at the point of initial deployment or 
following the introduction of a software or 
hardware upgrade that enables the 
functionality of a new or improved 
Automated Mode. 

 

Regulations relating to vehicle use 

Regulations and guidelines relating to the use of 
vehicle (for example, the Highway Code in the 
UK) will strongly affect how drivers perceive the 
technology that their vehicle offers. The concept of 
a binary definition of automation would be strongly 
reinforced if as few changes as possible were made 
to vehicle usage regulations for vehicles capable of 
assisted driving. Relaxations on requirements for 
hands to be on the wheel at all times, or the 
undertaking of secondary tasks would be reserved 
for Automated Vehicles meeting a regulated 
definition, as illustrated above. 

Regulations relating to vehicle construction 

SAE Level 4 Many of the economic and social 
benefits of assisted and automated driving will only 
be achieved when SAE levels 4 and 5 are reached. 
Volvo have publicly stated an aim to produce 
vehicles capable of L4 highway operation by 
2020/21 and Ford and others are aiming to 
introduce L4 automation for low speed urban areas 
in a similar timeframe. Thus, amendments to 
permit these developments should be in place by 
early 2020 at the latest. However, Tesla have stated 
an aim to have L4 automation in production 
vehicles by 2018 and a variety of manufacturers 
have suggested automated valet parking systems 
will be in production in 2019/20. If these ambitious 
targets were to be achieved it would put the 
regulatory process under pressure to accelerate 
permission. 

At the time of writing, the UNECE informal 
working group defining requirements was limited 
only to systems at SAE level 2. A proposal had 
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been made to expand to SAE level 3 systems but as 
yet, no firm proposals for a time frame for SAE 
level 4 had been defined. In order to avoid UNECE 
Regulation becoming a barrier to the level 4 
technologies being proposed by industry, it appears 
essential that the process of formulating the 
appropriate regulations or amendments should 
begin as soon as possible.  

SAE Level 2/3 The modelling of crash data and 
new risks shows that the ‘safety net’ of pre-crash 
safety systems are essential to the conclusion that 
SAE level 2/3 assisted driving technologies will 
produce a net casualty reduction benefit. This is 
principally because most of the technologies 
related to assisting normal driving will only 
influence the small proportion of crashes occurring 
on motorways and only when the driver has chosen 
to activate it. Pre-crash safety systems are typically 
active 24/7 on all road types and can benefit a 
much larger population of crashes. However, at 
present the inclusion of pre-crash technologies is at 
the discretion of the manufacturer. There may, 
therefore, be a case for mandating the inclusion of 
defined pre-crash functions wherever a vehicle is 
equipped with level 2/3 assisted driving functions. 

In addition to this, the benefits of the technology 
could be further maximized if the systems, when 
activated by the driver, enforced compliance with 
the posted speed limit and safe following distances. 

Controlling the behavioural risks at this level may 
be complex. As a minimum, the evidence suggests 
that the following technical requirements may be 
required: 

• Systems shall be geo-fenced to enforce 
operation only on roads of Motorway 
standard 

• “Systems must be able to automatically 
brake to a stop from 130 km/h or the 
maximum system active speed if a 
stationary vehicle is detected in the lane 
ahead or encroaching into its lane by a 
greater amount that it can safely avoid 
without itself exiting its own lane (the 
emergency manoeuvre).” 

• The vehicle will monitor the driver’s 
hands on the wheel. Initial ‘place hands 
on-wheel’ warning to be issued after 30s 

• System deactivation should occur if 
hands-on is not detected, despite 
warnings, for 1 minute 

• A ‘3 strikes and you’re out’ rule should be 
implemented to avoid driver abuse of 
systems 

• The minimum risk manoeuvre should 
promote a safe stop if drivers become 
disengaged and the system deactivates. As 

a minimum, this shall require the vehicle 
to pull over to the side of the road, as far 
out of running lanes as possible. 

•  “Limited system redundancy should be 
available. This should, as a minimum, 
cover sensors and should allow the system 
to safely operate in a “limp home” mode 
or to a “safe stop” in the event of a single 
sensor failure. Adequate warning of the 
situation should be given to the driver and 
a take back request issued.” 

However, the evidence suggests that the hands-on 
restriction may well be insufficient to control the 
risks and, therefore, that more direct monitoring of 
driver alertness or readiness will be required. 
Technology to facilitate this does exist but the 
appropriate technical requirements will require 
significant research and development (Edwards, et 
al., 2016). Thus, they may not be available in the 
short term. 

ONGOING CHALLENGES 

The current regulatory changes are all being made 
within the steering regulation (UNECE R79). This 
risks too narrow a focus on only the steering 
aspects of systems. For example, there is no 
documentation suggesting that any requirement on 
speed compliance has been considered in R79 or 
whether there has been any consideration of 
whether a vehicle equipped with a motorway assist 
system should be obliged to have AEB and lane 
keep assist that operates on all road types, thus 
enforcing the ‘safety net’ concept. If such 
requirements were to be introduced within 
regulation 79 it would risk regulatory confusion 
where a steering regulation controls aspects of 
braking, driver monitoring, location services etc.  

A separate regulation covering assisted and 
automated driving that integrated all aspects of its 
operation and referred to individual regulations on 
separate sub-systems, where necessary, would 
avoid this problem. However, the creation of such 
an instrument would take additional time and 
considerable time pressure already exists. 

Creating the requirements for B1 steering systems 
and entering them into force will have taken around 
2.5 years. An additional period of almost 2 years 
will elapse before the requirements relating to SAE 
level 2/3 Motorway Assist will enter into force. A 
range of other automation functions are 
conceivable: 

• Motorway automation (SAE 4) 
• Low speed urban assisted driving (SAE 2/3) 
• Low speed urban automation (SAE 4) with 

steering wheels 
• Low speed urban automation (SAE 4) without 

steering wheels 
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• Valet parking systems 
• Non-motorway highway assisted driving (SAE 

2/3) 
• Non-motorway highway automation (SAE4) 

 

While it may get easier to regulate new functions as 
time goes on because more will already exist, the 
complexity of different systems may also increase. 
If each function continues to be regulated in the 
same sequential, in-depth, manner before it is 
permitted on the road, then covering all of these 
functions could take considerable time. Based on a 
crude average of 2 years per function as 
approximately experienced in the latest 
amendments would see the process take 14 years. If 
this only started after completion of the current 
work, then the last amendment might not enter into 
force until around 2033.  

Although the analysis of timing is extremely 
speculative, it does highlight the risk of the 
regulation becoming a barrier to progress rather 
than an enabler of progress. Not every regulatory 
regime is following the same approach, for 
example, the USA (NHTSA, 2016) does not 
currently prohibit any technology and has 
introduced an initial code of practice to begin 
controlling the risks. The US approach allows the 
manufacturer to self-certify that they are safe but 
actively monitors the safety of vehicles in use and 
can impose significant penalties if any defects in 
performance are found. A review of the advantages 
and disadvantages of different requlatory processes 
and principles may be required in order to both 
mitigate the risks of becoming a barrier to new 
technology and to further the harmonization of 
regulation globally. This should focus on extracting 
the best from each of the different approaches 
around the world and creating a system that enables 
innovation while minimizing risks. 

CONCLUSIONS 

1. UNECE Regulation currently forms a 
barrier to the sale of higher levels of 
automation in the EU. Amendments are 
underway but extend only as far as SAE 
level 2/3 systems for assisted driving on 
highways. 

2. These systems have been shown to have 
the potential for an adverse effect on 
behavioural risks and this could translate 
to a significant risk of new crashes that 
would not occur during manual driving. 
These could be damaging. 

3. Most of these risks are centred on the 
ability of drivers to maintain alertness and 
spatial awareness with the reduced 
workload implied by operating the system 
and/or abuse of the system. 

4. The evidence suggests that as long as the 
risks are controlled and such systems are 
sold alongside a ‘safety net’ of pre-crash 
safety systems such as AEB or Emergency 
Lane Keep, the net effects will be 
overwhelmingly positive. However, there 
is no regulatory requirement for such 
systems. 

5. As a minimum, controlling the risks 
should involve hands-on requirements, a 
3-strikes and you’re out policy to prevent 
abuse, the ability to execute a safe stop at 
the side of the road if the system is 
deactivated and to execute an emergency 
manoeuvre to avoid collisions. 

6. Evidence suggests hands-on detection is a 
relatively poor proxy for driver alertness 
or spatial awareness and that driver 
monitoring technologies may be both 
available and more effective. The 
development of requirements will be a 
priority. 

7. Current definitions of automated driving 
do little to avoid public confusion over the 
extent to which vehicles can ‘drive 
themselves’. A binary definition of 
Assisted and Automated would help avoid 
confusion: 

a. Automated Driving: where the 
driver is legally free to undertake 
a secondary task and pay no 
attention to the road when the 
vehicle is in charge (SAE 4 & 5) 

b. Assisted Driving: All systems 
where the driver remains 
responsible for at least the 
function of acting as a redundant 
backup in the event of system 
failure (SAE 1, 2, & 3) 

8. Regulations governing the use of vehicles 
should not be relaxed for Assisted 
Driving, only for Automated Driving. 

9. The largest of the socio-economic benefits 
of vehicle automation will only be 
achieved at SAE level 4 and beyond. The 
current regulatory amendments will not 
permit level 4 vehicles and there is no 
activity currently underway to change this. 

10. In order to avoid UNECE Regulations 
becoming a barrier to significantly 
beneficial technology: 

a. Work to create regulations that 
permit SAE level 4 would need 
to commence as soon as possible. 

b. Consideration should be given to 
separate regulations for assisted 
and automated driving that 
integrate the requirements on 
various aspects of performance 
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c. Consideration should be given to 
the use, at least in part, of 
alternative regulatory processes 
including the use of guidelines 
and self certification. 
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ABSTRACT 
 

Based on official WHO statistics more than 1 million people lose their lives in traffic accidents every year. 
And the amount is increasing. Especially in developing countries the situation gets more and more dramatic. 
India has the highest number of reported road traffic fatalities in the world, about 147 000 deaths in 2015, 
which means 11% of all worldwide. This equals with at least 17 people dying on the roads every hour! 

Key factors for a continuous upwards trend of fatalities are related to an increasing vehicle fleet, a high 
number of vulnerable road users, driver behavior, infrastructure and vehicle factors. In order to bring down 
fatality rates in developing countries and to improve safety additional efforts need to be taken into account 
besides new car assessment programs. 

In 2015 Daimler has started a unique CSR (Corporate Social Responsibility) initiative to increase the safety 
awareness in India, called SAFE ROADS. The objective is to convey importance of basic and enhanced safety 
through exhibits and key presentations. The initiative visited eight cities all over India, starting in New Delhi 
in April 2015. With several presentations at universities and malls safety topics were not only communicated 
but also demonstrated via exhibits. To reach the Indian public also elements such as TV panel discussion and 
live radio broadcasting were included in the different events. Several exhibits like the Experimental Safety 
Vehicle “ESF 2009”, a crash test vehicle, a belt sled and a body in white model gave the possibility to address 
safety and allow personal “touch&feel” experience for the audience. 

The presentation during the ESV conference will give an insight view on the approach as well as on key 
learnings made during the last 2.5 years. It will show how the target - an increased safety awareness of 
Indian public in behavioral aspects as well as an enhanced understanding of the potentials and limitations of 
vehicle safety systems – could be reached and what further steps are taken to establish sustainable measures 
in India and how the concept was transformed to a new approach for SAFE ROADS in China. It is also focusing 
on main challenges in these countries and which have to be taken care of at first hand in order to generate 
quick wins. 

To improve global safety it is important that everyone takes responsibility and contributes. Especially for 
developing countries we need to find, share and discuss measures that support this goal continuously. 
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MOTIVATION 

More than 1.2 million people are dying on the roads 
worldwide every year. Looking at the developed 
countries we saw a decreasing effect over the last 
decades. These days we realized that fatality rates 
seem to reach a plateau and further reduction might 
need additional measures we have to search for. 
Looking at the developing countries the continuously 
growing need for mobility, complex traffic scenarios 
and other factors lead to very high and rising fatality 
rates.  
The situation gets more and more dramatic. India 
e.g. has the highest number of reported road 
traffic fatalities in the world, about 147 000 
deaths in 2015, which means 11% of all 
worldwide. This equals with at least 17 people 
dying on the roads every hour! Without targeted 
efforts and new initiatives, it is quite probable 
that the total number of traffic in India will break 
through the ¼ million mark by 2025. 
That is why the time has come for the authorities 
/ government agencies, consumer organizations 
and car manufacturers to take action now - now 
to act can save many thousands of lives in the 
future! This was our motivation at Mercedes-Benz 
to start a unique CSR (Corporate Social 
Responsibility) initiative to increase the safety 
awareness in India, called SAFE ROADS. 

IDEA & CONCEPT 

The idea behind SAFE ROADS was to increase safety 
awareness of Indian public adressing aspects in 
terms of vehicle and road safety and to support a 
new “safety culture” among the people in India. We 
believe that the brand name Mercedes-Benz could 
support this task in an excellent way as safety is one 
of our core values if not even THE core value based 
on more than 75 years of safety history. 
 
The concept included the combination of an 
exhibition besides key presentations from the very 
beginning. Safety topics should not only be 
communicated but also demonstrated via exhibits 
(picture 1). This should give the possibility to address 
safety and at the same time allow a personal 
“touch&feel” experience for the audience. 
 
Presentation and exhibits should address all relevant 
key factors that contribute to the risk of road 
accident occurrence in India, such as exposure (e.g. 
increasing vehicle fleet, high number of vulnerable 

road users), behavioral factors (e.g. experience of 
drivers, overspeeding, use of drugs, enforcement of 
traffic laws), infrastructure (e.g. road design, 
markings, signage) and vehicle factors (e.g. crash 
worthiness, car maintenance checks) 
 

 
Picture 1.  

First concept layout for safety exhibition 

REALIZATION 

To realize this concept all internal stakeholders had 
to be gathered in a joint steering committee. Main 
driving forces were R&D units in Germany and India. 
But also our sales organization in India, 
communication departments in India and Germany, 
Daimler Financial Services India and Daimler India 
Commercial Vehicles supported the initiative. 
External stakeholders, such as JP Research India PVT  
Ltd, ARAI, NATRiP, IRF and many others were 
identified.  They supported the idea and spirit of 
SAFE ROADS with key note presentations. 
 
Original planning for 2015 included six large cities, 
starting with a kickoff in New Delhi. However due to 
unexpected flooding the Chennai event could not be 
realized (picture 2). 
 

 
Picture 2. 

Original planning SAFE ROADS tour in 2015 
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Making use of different communication channels 
allowed the reach of as many people as possible: 
In 2015 the launch event in New Delhi was covered 
by 60 journalists and main stream regional media 
covered events in each city. More than 13,000 
people could experience the different exhibits. Via 
digital media, e.g. facebook and twitter the initiative 
reached about 5 million people. Four times 
30minutes episodes on NDTV (one of Indias top 
television news channels) spread key safety 
messages across the country. Also universities kindly 
hosted the SAFE ROADS initiative and allowed us to 
reach especially thousands of young people. For the 
event in Bengaluru also radio promotion was utilized 
(picture 3).   

 

 
Picture 3. 

Excellent media echo (TV, Print, Digital) 
 
 
 
Especially the body-in-white model drew people’s 
attention. It gave an insight view on the vehicle 
structure, position of sensors and airbags (picture 4). 
 

 
Picture 4. 

Body-in-white model, incl. airbags and sensors 
 
 
 
Before continuing SAFE ROADS in the following year 
we reviewed the events and derived our lessons 
learned regarding the exhibition (picture 4) 
 

 
Picture 4. 

SAFE ROADS lessons learned, exhibits 
 
Beginning of 2016 the SAFE ROADS initiative 
received an Award from the Indian magazine 
AUTOCAR for the “BEST CSR CAMPAIGN FOR 
SAFETY” (picture 5). 

  
Picture 5. 

SAFE ROADS lessons learned, exhibits 
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In 2016 the SAFE ROADS initiative targeted three 
additional large cities (picture 6). 
 

 
Picture 6. 

SAFE ROADS tour in 2016 

Since we had to ship our belt sled back to Germany 
end of 2015 (due to customs) we decided to build a 
new one in India for demonstrating the relevance of 

the seat belt – still number one life saver (picture 7). 

Picture 7. 
belt sled built in India, “The Convincer” 

More than 40,000 people could experience the 
exhibits as we also included public places such as 
large malls besides universities and colleges. 
Through print media about 14 million people could 
receive our messages. Again digital media, television 
and radio were used to promote the initiative.  

In 2016 as a highlight visitors could also witness an 
actual crashed vehicle – a Mercedes-Benz GLC . The 
passenger compartment of the GLC remained stable 
in the frontal offset barrier test. The car scored 
maximum points for its protection of the front 
passenger dummy, with good protection of all 
critical body areas. Dummy readings indicated good 
protection of the knees and femurs of both the 
driver and passenger. Also, GLC scored maximum 

points for its protection of the 1.5 year child dummy 
in the frontal offset tests. (source: EuroNCAP 
website). So it was a very good example to showcase 
exemplary safety (picture 8) 

 

Picture 8. 
SAFE ROADS exhibit – crashed GLC 

 

On YouTube several videos about SAFE ROADS India 
can be seen, giving a good impression about the 
setup and key messages which were transferred. 

 

Finally beginning of 2017 we provided some of the 
exhibits to the Symposium on International 
Automotive Technology (SIAT) in Pune (picture 9). 

 

Picture 9. 
SAFE ROADS Exhibits provided for SIAT conference 
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TRANSFORMATION 

The great success of SAFE ROADS India led us to the 
decision to roll out a similar initiative in China. 
We transformed the concept and added more safety 
relevant topics. In principal we want to walk the 
people through our integral safety strategy (picture 
10): from the safe driving phase, where the vehicle 
assists the driver, then preparing itself and the 
passengers when critical situations occur (e.g. 
demonstrating PRE-SAFE technologies) and finally 
showing crash relevant safety and post crash 
measures. 
 

 
Picture 10. 

SAFE ROADS concept China 
 

CONCLUSIONS - SUSTAINABILITY 

The initiative in India should not just vanish after it’s 
success story. We want to keep this candle burning 
and continuously sending out it’s light to the Indian 
people. So we asked ourselves how to make it 
sustainable and came up with the idea to establish a 
new safety conference format in India, trying to 
integrate SAFE ROADS key elements, e.g. having a 
“touch&feel” exhibition. We scanned the existing 
conferences to avoid just doubling up another one. 
The plan is that the bi-annual conference takes place 
end of October 2017 in New Delhi for the first time. 
Main challenges are to find sponsors that are willing 
to support this concept. We hope that the SAFE 
ROADS India Summit becomes a strong element 
within the Indian community for safety technologies.  
 
 
 
 
 
 

 
 

 
Picture 11. 

SAFE ROADS India Summit, end of Oct. 2017 (draft) 
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ABSTRACT 
 
Advanced Driver Assistance Systems (ADAS) and assisted and automated driving technologies are developing 
rapidly with more complex features constantly evolving and entering the market. These developments give rise to 
the need for physical testing throughout the development process and for legislative and consumer testing. With 
this comes the need for more advanced test devices that can be used in a multitude of scenarios to replicate a real 
vehicle throughout the entire manoeuvre up to the point of collision whilst maintaining a safe working 
environment. 
 
The current car target test devices in use have generally fulfilled a specific purpose, for example, replicating the 
rear end of a vehicle. The target design and nature of their propulsion system limit manoeuvrability dictating 
broadly straight line or large radius turn capability only. To satisfy the future testing requirements of increasingly 
complex ADAS functionalities and assisted and automated driving technology for industry development, legislative 
and consumer test programmes NHTSA, Euro NCAP and IIHS collaborated to promote the concept and facilitate 
the evaluation and development of an internationally harmonised impactable 3D car target testing device. 
 
The process comprised of the harmonising organisations liaising with test equipment suppliers and the automotive 
industry to evaluate candidate impactable 3D car target devices and set about a schedule of iterative development 
over a series of four international workshops. Industry feedback was that the DRI Soft Car 360 Fiesta offered the 
greatest potential for replicating a real vehicle because of its good geometrical and graphical representation and 
structural stability when travelling at speed. Development efforts focused chiefly on improving the radar and 
visual attributes of the device, culminating in ACEA and CLEPA members representing the automotive industry 
manufacturers and suppliers approving the final version of the DRI Soft Car 360 Fiesta as being acceptable for 
representing a real passenger car for automotive lidar, radar and camera sensor systems. 
 
Subsequently, ISO has compiled a specification document for passenger vehicle 3D targets and Euro NCAP have 
committed to using a 3D car target meeting the ISO specification for active safety tests incorporated into the star 
rating from 2018 onwards. 
 
A limitation of target requirements, the DRI Soft Car 360 Fiesta and the associated ISO specification is it leads to 
the device resembling a B segment hatchback vehicle. This type of vehicle is common amongst the European fleet, 
however other vehicle types such as pick-ups and saloons are prevalent in other developed territories. Although 
the body shape, size and ride height varies substantially between these vehicle types, they all possess certain 
similar features as a result of general vehicle design and construction and legislative requirements. Therefore, 
whilst not wholly representative of all the different vehicle types and constructions, the 3D car target as specified 
serves as a useful device for testing purposes harmonised across notable testing organisations around the world. 
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INTRODUCTION 

Advanced Driver Assistance Systems (ADAS) and 
assisted and automated driving technologies are 
developing rapidly with more complex features 
constantly evolving and entering the market. These 
developments give rise to the need for physical 
testing throughout the development process and for 
legislative and consumer testing. With this comes 
the need for more advanced test devices that can be 
used in a multitude of scenarios to replicate a real 
vehicle throughout the entire manoeuvre up to the 
point of collision whilst maintaining a safe working 
environment. 
 
This paper describes the limitations of current car 
target test devices, and the process of identifying, 
evaluating and developing the attributes of an 
impactable 3D car target that can be used for the 
more complex vehicle testing scenarios of the 
future. An ISO standard specifying the attributes of 
the target has been compiled and the limitations of 
the devices is also acknowledged. 

LIMITATIONS OF CURRENT CAR TARGETS 

The need for target devices to support the 
development and assessment of Advanced Driver 
Assistance Systems (ADAS) has led to numerous 
vehicle target designs of various constructions. Some 
have been developed in support of particular test 
regimes, for example the Euro NCAP Vehicle Target 
(EVT) (see Figure 1) or the NHTSA Strikeable 
Surrogate Vehicle (SSV) (see Figure 2), whilst others 
have served specific development purposes such as 
inflatable balloon cars or silhouettes supported 
alongside carrier vehicles. These target devices have 
often fulfilled a specific purpose, for example 
replicating the rear end of a vehicle, albeit via 
different engineering solutions. The target design 
and nature of their propulsion system – typically a 
towed rail-like device affording scope for travel post 
impact – limit manoeuvrability dictating broadly 
straight line or large radius turn capability only. 
 
The development of more complex ADAS 
technologies and the advent of autonomous driving 
gives rise to the demand for more car-fidelic 
solutions providing a whole vehicle representation 
that can be used in numerous test scenarios. Starting 
afresh also provides the opportunity for 
international harmonisation amongst testing 
regimes, benefitting society by hastening the 

 
 
Figure 1. Euro NCAP Vehicle Target (EVT) 
 

 
 
Figure 2. NHTSA Strikeable Surrogate Vehicle 
(SSV) 
 
industrial development and deployment of systems 
onto the market because of the reduced 
confirmation test workload. However, a benefit of 
multiple test devices being used internationally is 
the potential system robustness engendered 
resulting in greater real world benefit. 

DEVELOPMENT AIMS AND OBJECTIVES 

The aims of developing a new 3D car test target 
were to: 
 

• Achieve an appropriate full perimeter 
attribute representation of a typical B or C 
segment small passenger car for typical 
current and future automotive sensors 
(camera, radar and lidar) 

• Develop a device suitable for both 
stationary and dynamic testing with 
appropriate stability during high speed 
manoeuvring. 

• Provide impactability at typical testing 
speeds causing minimal cosmetic damage 
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to the test vehicle, and be rebuildable 
whilst maintaining durability of attributes. 

• Be compatible with multiple propulsion 
devices. 

 
The desired attributes led to often conflicting 
requirements, for example the necessity for stability 
when travelling at speed versus impactability with 
minimal damage, or appropriate complex vehicle 
attributes yet impactable whilst maintaining said 
attributes. 
 
In order to facilitate a harmonised approach 
amongst major testing organisations Euro NCAP, the 
National Highway Traffic Safety Administration 
(NHTSA) and the Insurance Institute for Highway 
Safety (IIHS) worked in collaboration to: 
 

• Promote the concept of an internationally 
harmonised impactable 3D car target 
testing device to industry stakeholders. 

• Facilitate the assembly of candidate target 
devices for evaluation by the automotive 
industry. 

• Provide a means for industry to feedback 
objective assessment of the candidate 
devices. 

• Set out gateways for an iterative process to 
develop and confirm finalised device(s). 

DEVELOPMENT PROCESS 

The first event, assembling candidate 3D car target 
devices for initial evaluation, was hosted by 
Thatcham Research on behalf of Euro NCAP in July 
2015. The aim of this event was to kick start the 
development process by assembling stakeholders 
including the harmonising institutions to illustrate 
the need for such a device, and the automotive 
manufacturer and supplier representatives and the 
candidate 3D car target devices for preliminary 
device evaluation. Dynamic Research Inc. (DRI) 
attended with their prototype Soft Car 360 targets in 
two formats, a foam panel construction vehicle 
broadly representing a Ford Fiesta (see Figure 3) and 
a Smart fortwo (see Figure 4). Dr. Steffan 
Datentechnik (DSD) brought their air tube 
construction target with a vehicle cloak broadly 
representative of a Mercedes C-Class (see figure 5). 
Two propulsion systems were also in attendance: 
Anthony Best Dynamics (ABD) provided their Guided 
Soft Target (GST) platform and DSD brought their 
Ultraflat Overrunable Robot (UFO) platform. A real 

Ford Fiesta was also provided for reference 
measurement purposes. 
 

 
 
Figure 3. DRI Soft Car 360 Fiesta – development 
version 
 

 
 
Figure 4. DRI Soft Car 360 Smart 
 

 
 
Figure 5. DSD saloon car target 
 
Fifteen vehicle manufacturers and suppliers were 
represented at the two day event. Testing comprised 
of straight line approaches towards various target 
and platform combinations oriented at various 
angles in order to evaluate the perimeter 
representations. A limited amount of testing was 
also completed with moving target and platform 
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combinations assessing them from the front and 
rear and in a crossing situation. Attendees 
completed a feedback form subjectively rating the 
various target and platform combinations for their 
radar and visual attributes based on their individual 
objective assessments, classified thus: 
 

• Good – Good representation of a real 
vehicle that requires no further 
development. 

• Acceptable – Acceptable representation of 
a real vehicle however would benefit from 
further development. 

• Poor – Unacceptable representation of a 
real vehicle requiring further development. 

 
These ratings, combined with illustrative comments, 
were anonymised and combined in order to provide 
an overview of the current status of targets and their 
potential future suitability. 
 
The feedback suggested that regarding radar 
attributes, all platform and target combinations 
required improvement in order to represent a real 
vehicle, specifically regarding the target generating 
the radar return rather than the carrier platform. 
Visually, the DRI foam panel style construction 
offered a better representation of a real vehicle than 
the DSD air tube and cloak because of the structural 
rigidity and surface stability, especially when 
moving. Visual characteristics that required 
improvement in order to replicate a real vehicle 
included graphical alignment, adding a prominent 
interior view, hiding or disguising the propulsion 
platform, improving the wheel and tyre 
representation and minimising surface wrinkling. 
 
Based on the industry feedback and the potential to 
address the technical issues raised, the DRI Soft Car 
360 was selected as the focus for future 
development efforts to engineer the first vehicle 
target example. The Fiesta model was chosen 
because of its general representativeness of the 
global car fleet in terms of shape and features 
coupled with its smaller size lending itself more 
appropriately to developing a manageable device 
regarding the practicalities of testing, chiefly 
impactability and reconstruction. 
 
Acknowledging feedback concerning the visual and 
radar attributes, DRI developed a revised Soft car 
360 Fiesta including increased areas of radar 

 
 

 
 

 
 
Figure 6. Summary of industry feedback from first 
event 
 
reflective material, revised graphics, surface 
stiffeners and wheel blocks and brought it to the 
second two day event, also hosted by Thatcham 
Research on behalf of Euro NCAP in the UK in April 
2016. A similar group of automotive industry 
manufacturers and suppliers attended, and it was 
quickly identified that although the revisions had 
improved the overall visual and radar 
representation, there was a significant issue with 
high power internal radar reflections returning from 
within the target when approaching it from the rear. 
 
Although returns from within the length of the 
vehicle are entirely feasible and often seen with real 
vehicles, the highest power return typically 
originates from the region of the rear of the body 
whilst lower returns are reflected by the underbody, 
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axles, powertrain and exhaust systems etc. 
According to the radar return analysis algorithms, 
the target reflection manifested itself as a queue of 
vehicle rear ends, albeit at separations implausible 
for real vehicles, leading to confusion locating the 
position of the rear end of the target. Various 
configurations of radar reflecting and absorbing 
materials and were trialled to treat the issue, the 
most successful being to enclose the vehicle body 
down to the platform with radar reflecting material 
at the axle position. 
 
These field modifications were incorporated into 
another generation of the Soft Car 360, along with 
the door mirrors, for a third two day evaluation 
workshop hosted by NHTSA in the United States in 
July 2016. Feedback at this stage deemed the visual 
attributes of the target as being acceptable, however 
the issue of internal reflections remained sufficiently 
causing problems identifying and classifying the 
position of the target. At this stage numerous 
treatments were once again trialled, however a 
satisfactory solution was not identified given the 
limited materials and analysis capability at the test 
track. 
 
It was at this stage that three tier one suppliers 
offered to work directly with DRI to investigate the 
issue and identify potential target modifications and 
treatments on a one-to-one basis with additional 
analysis capability to hand. This process, which took 
place in August 2016 first in Ohio and then in 
California, attended to the problem by altering the 
way in which the radar reflective material closed off 
the internal structure of the target in the bulkheads 
against the platform at the front and rear, whilst 
absorbing material in the side skirts shielded the 
area between the axles. The suppliers also 
completed additional radar measurements from 
various angles confirming the radar attributes 
around the full perimeter of the target. 
 
This final version of the Soft Car 360 Fiesta (see 
Figure 7) was presented at a confirmation event 
hosted by AstaZero on behalf of Euro NCAP in 
Sweden in November 2016. Minor modifications 
included tell tale markings to identify incorrect cover 
panel alignment and additional radar reflective 
material in the front windscreen area. Two identical 
examples of the target were provided for 
comparative evaluation purposes by the industry 
manufacturer and supplier attendees. They were 
evaluated in both stationary and moving scenarios 

approaching from various angles driving directly 
towards and also passing by alongside. Consolidated 
feedback provided by members of the European 
Automobile Manufacturers (ACEA) and the European 
Association of Automotive Suppliers (CLEPA) 
approved the target as being acceptable for 
representing a real passenger car for automotive 
lidar, radar and camera sensor systems. 
 

 

 
Figure 7. DRI Soft Car 360 Fiesta – final version 

TARGET SPECIFICATION 

Once the design of the device was finalised the 
International Organisation for Standardisation (ISO) 
set about compiling a specification document for 
passenger vehicle 3D targets. ISO 19602 Part 1 (ISO, 
2017) specifies the properties of an omni-directional 
multi-purpose vehicle target that will allow it to 
represent a passenger vehicle in terms of size, 
shape, reflection properties, etc. for testing 
purposes. 
 
The document addresses the attribute detection 
requirements for a vehicle target in terms of sensing 
technologies commonly in use at the time of 
publication of this standard, and where possible, 
anticipated future sensing technologies. It also 
addresses methodologies to verify the target 
response properties to these sensors, as well as 
performance requirements for the target carrier. 
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The specifications were determined with input from 
DRI detailing the dimensional and graphical 
attributes of the final version of the Soft Car 360 
Fiesta verified by the automotive industry, and Radar 
Cross Section (RCS) corridors supplied by NHTSA via 
testing carried out on their behalf by the Michigan 
Technical Research Institute. 
 
It is important to stress that future consumer test 
programmes will specify the use of a target in 
accordance with the specification rather than 
mandating a specific device manufactured by a 
particular supplier. 
 
At the time of writing, agreements are being 
finalised for the Soft Car 360 Fiesta to be 
manufactured under licence and distributed locally 
to serve the market demand and provide technical 
support and spare parts. Alternative devices meeting 
the specification are known to be in development by 
4activeSystems GmbH and Moshon Data amongst 
other organisations. 

INTENDED USES 

Euro NCAP have committed to using a 3D car target 
meeting the ISO specification for active safety tests 
incorporated into the star rating from 2018 onwards. 
These tests include Autonomous Emergency Braking 
(AEB) front-to-rear with full and partial overlap 
scenarios and Emergency Lane Keeping (ELK) 
assessments for collision scenarios with oncoming 
and overtaking vehicles, necessitating the use of 
vehicle surrogate that wholly represents a real 
vehicle with full a perimeter representation. In order 
to standardise testing, 3D car targets could also be 
used for the vehicles parked at the side of the test 
for the obscured child pedestrian crossing AEB test 
scenario. 
 
Future Euro NCAP testing will see 3D car targets 
used for assessing junction collision avoidance 
technologies in scenarios such as turning across path 
of another vehicle and perpendicular crossing 
vehicles. RCAR have committed to using 3D car 
targets meeting the ISO specification for insurer 
relevant active safety testing of technologies 
including frontal AEB for front-to-rear crashes and 
reverse AEB for parking and low speed manoeuvring 
collisions. 
 
Essentially any real world car collision type can be 
replicated with the 3D car target as one of the 

impact partners in order to prove out the 
performance of active safety features that may 
function to mitigate or avoid the collision. It could 
also be used to investigate driver responses to 
rapidly developing collision situations in a safe 
fashion. 
 
The advent of assisted and automated driving 
technology gives rise to a wide range of 
development, legislative and consumer testing 
requirements, at least some of which will require 
real world testing in near miss scenarios with 
replicative yet impactable car targets in order 
maintain a safe working environment whilst 
evaluating the systems. In the near term, 
technologies such as highway driving assistance 
could be assessed using 3D car targets, particularly 
critical manoeuvres in which the vehicle has to deal 
with imminent collision scenarios or where a short 
notice driver takeover request is issued. Regarding 
automated and remote control parking and longer 
term automated driving technology, 3D car targets 
could be used as other ‘real’ vehicles throughout the 
development process to confirm simulation results 
eliminating the potential for vehicle damage. 
 
3D car targets could also be used for demonstrating 
active safety technology and educating the public at 
events, allowing them to drive for themselves and 
experience the technology intervening in critical 
situations, thus adding realism to the situation. 

LIMITATIONS 

The desirable attributes of the 3D car target often 
led to conflicting requirements, and an improvement 
in one feature was often realised at the detriment of 
another. Therefore the final design balances the 
necessary compromises, erring towards the fidelity 
of replicating a real vehicle. An example of this on 
the DRI Soft Car 360 Fiesta is the body stiffening 
blocks and ribs and the wheel blocks, which given 
the desired impactable nature of the vehicle would 
ideally be as small and soft as possible, however in 
order to achieve the required attributes they had to 
be incorporated. 
 
The target specification leads to the device 
resembling a B segment hatchback vehicle, a type 
common to the European fleet. However other 
vehicle types are also prevalent in other developed 
territories, for example the pick-up in US and 
Australia, the saloon in Asian markets generally and 
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the mini-van in Japan. Although the body shape, size 
and ride height varies substantially between these 
vehicle types, they all possess certain similar 
features as a result of general vehicle design and 
construction and legislative requirements, namely a 
body structure supported by wheels located towards 
the extremities that extend to meet the paved 
surface, a gap and shadow underneath the body, 
symmetrical lighting installations, a licence plate, 
horizontal feature lines etc. Commercial and 
passenger service vehicles, although on a difference 
scale geometry wise and tending towards different 
construction techniques, also possess similar 
features. Therefore, whilst not wholly representative 
of all the different vehicle types and constructions 
on the market, the 3D car target as specified serves 
as a useful device for testing purposes harmonised 
across major testing institutions. 
 
The requirement for 3D car target to be propelled, 
typically via motorised platform solution, 
compromises the area under the target compared to 
a real vehicle, where normally there would be free 
space and a shadow. On the DRI Soft Car 360 Fiesta 
some free space is afforded under the front and rear 
sections, and from the sides a non-reflective skirt 
material serves to provide a contrasting area to the 
body replicating the shadow. 
 
A constant challenge to the harmonising 
organisations and device suppliers throughout the 
development process was the need to minimise the 
reconstruction time post impact whilst incorporating 
the necessary attributes. With the DRI Soft Car 360 
Fiesta this was achieved to a limited extent by 
modifying the design to reduce the component 
count where possible. It remains an opportunity to 
suppliers to develop a device that achieves the 
attributes in the ISO specification, maintains 
impactability and optimises the reconstruction time. 
 
The Euro NCAP implementation target of January 
2018 focused and hastened the development 
process, especially the intention to provide the 
automotive industry with one year between a device 
being finalised and official testing commencing. As a 
result of exceptional industry support and 
commitment this timeline was achieved and the 
design was frozen late 2016 and the specification 
developed shortly after. It is acknowledged that 
because of sensor technology and interpretation 
algorithm developments new target attribute 
requirements may develop in time. This, combined 

with experience gained during operation and testing 
regarding repeatability and degradation with 
repeated impacts, may lead to future generations of 
targets meeting revised specifications, however for 
now they will remain fixed until at least 2020 and 
specific issues will be handled on a case-by-case 
basis and details recorded for future reference. 

CONCLUSIONS 

To satisfy the future testing requirements of 
increasingly complex ADAS functionalities and 
assisted and automated driving technology for 
industry development and legislative and consumer 
test programmes NHTSA, Euro NCAP and IIHS 
collaborated to promote the concept of an 
internationally harmonised impactable 3D car target 
testing device and facilitate the assessment and 
development of candidate devices by the 
automotive industry. 
 
The process comprised of the harmonising 
organisations inviting test equipment suppliers to 
assemble their candidate 3D car target devices at a 
workshop for initial evaluation by the automotive 
industry. DRI and DSD supplied their prototype 
devices and the industry feedback was that the DRI 
Soft Car 360 Fiesta offered the greatest potential for 
replicating a real vehicle because of its good 
geometrical and graphical representation and 
structural stability when travelling at speed.  
 
Over a series of three workshop events, 
development efforts focused chiefly on improving 
the radar attributes to increase the overall RCS of 
the target, minimize that of the carrier platform and 
eradicate spurious internal reflections. Visual 
improvements included a number of more subtle 
changes such as improving the graphical alignment, 
minimising surface wrinkling and adding more 
prominent features and wheels. This culminated in 
ACEA and CLEPA members representing the 
automotive industry manufacturers and suppliers 
approving the final version of the DRI Soft Car 360 
Fiesta as being acceptable for representing a real 
passenger car for automotive lidar, radar and 
camera sensor systems. 
 
Subsequently ISO has compiled a specification 
document for passenger vehicle 3D targets. ISO 
19602 Part 1 specifies the properties of an omni-
directional multi-purpose vehicle target that will 
allow it to represent a passenger vehicle in terms of 
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size, shape, reflection properties, etc. for testing 
purposes. Euro NCAP have committed to using a 3D 
car target meeting the ISO specification for active 
safety tests incorporated into the star rating from 
2018 onwards. 
 
A limitation of target requirements, the DRI Soft Car 
360 Fiesta and the associated ISO specification is it 
leads to the device resembling a B segment 
hatchback vehicle. This type of vehicle is common 
amongst the European fleet, however other vehicle 

types such as pick-ups and saloons are prevalent in 
other developed territories. Although the body 
shape, size and ride height varies substantially 
between these vehicle types, they all possess certain 
similar features as a result of general vehicle design 
and construction and legislative requirements. 
Therefore, whilst not wholly representative of all the 
different vehicle types and constructions, the 3D car 
target as specified serves as a useful device for 
testing purposes harmonised across notable testing 
organisations around the world. 
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ABSTRACT 
 
LDW and LKA systems are becoming more prevalent on modern vehicles, however their current simple 
implementation leads to frequent activation and intervention. Drivers report this indiscriminate intervention as 
annoying and perceive it to be unnecessary, which leads to system deactivation and the loss of any potential 
safety benefit in critical situations. 
 
This paper focuses on developments relating to actively intervening Lane Support Systems (LSS), namely 
Emergency Lane Keeping (ELK) systems. It describes the findings of analyses of relevant European real world 
collision data and the development of representative test scenarios, methodology and evaluation criteria. 
 
The aim of developing ELK test methodology is to encourage LSS that intervene less frequently but more 
effectively to prevent collisions occurring in critical lateral control situations. This was promoted by linking 
intervention to the associated threat thus encouraging vehicle technology that discriminates between event types 
and their criticality. A benefit of interpreting the threat is the ability to minimise the frequency of corrective inputs 
thus reducing the driver perception of unnecessary intervention and maximising driver acceptance of such 
systems. Therefore, similar to Autonomous Emergency Braking (AEB), the demanding requirement for a system to 
be default on at the beginning of every journey can be made to maximise the potential benefit in every day driving 
 
Relevant real world crash data from European sources was studied to identify the common features of lateral 
control collisions such as run-off road, head-on collisions with oncoming vehicles and collisions with overtaking 
vehicles. Test scenarios, methodology, metrics and controls were developed for evaluating ELK systems. 
Evaluation criteria were also developed to encourage effective intervention in the real world. 
 
The oncoming and overtaking testing scenarios require the use of a partner vehicle to trigger the ELK system 
intervention. The test target specified for use is the Global Vehicle Target (GVT), an impactable 3D car target 
according to ISO 19602 Part 1. It was intended that a representative road edge would also be developed to 
achieve repeatable testing across various locations, however it proved more challenging than initially anticipated 
to replicate the attributes of a real road edge and work continues in this area. 
 
Although the testing methodology is grounded in real world data, certain compromises were required relating to 
the steering input and how the lane departure was generated in order to achieve a repeatable and reproducible 
results. However the results of initial testing indicate that it is possible to differentiate between system 
performances, particularly at higher lateral velocities. 
 
The test procedures have been proposed to Euro NCAP for adoption, and will be implemented in the star rating 
scheme from 2018. Integration of the procedures into consumer testing will help to guide development of system 
design in future vehicles. 
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INTRODUCTION 

Lane Departure Warning (LDW) and Lane Keep Assist 
(LKA) systems are becoming more prevalent on 
modern vehicles. These systems typically determine 
the position of the vehicle relative to the lane 
markings via image processing of data gathered by a 
forward facing camera sensor. In the event of the 
vehicle straying across a lane marking, an LDW 
systems issues a haptic or audible warning to the 
driver advising them of the incident, whilst an LKA 
system intervenes to adjust the vehicle heading, 
minimising the departure and returning the vehicle 
back towards the driving lane. Intervention is 
typically via the Electric Power Assisted Steering 
(EPAS) system adjusting the steering angle, however 
differential braking is also an effective alternative. 
 
Current production LKA systems function in different 
ways. Some require a fully marked lane in order to 
operate whereas others will perform with a single 
lane marking. On some vehicles LKA is coupled with 
a lane centring guidance function and the LKA 
function cannot be independently tested. The 
majority of current systems are tuned to operate at 
speeds in excess of those typically found in urban 
areas to reduce activation rates, but are not 
discerning of the lane marking type and intervene 
whenever a marking is crossed whilst travelling at 
speed. It is this indiscriminate intervention, which 
drivers often perceive as unnecessary and annoying, 
that leads to system deactivation and any potential 
safety benefit in critical situations being lost. 
 
This paper focuses on developments relating to 
actively intervening Lane Support Systems (LSS), 
namely Emergency Lane Keeping (ELK) systems. It 
describes the findings of analyses of relevant 
European real world collision data and the 
development of representative test scenarios, 
methodology and evaluation criteria. 

AIM 

The aim of developing ELK test methodology is to 
encourage LSS that intervene less frequently but 
more effectively to prevent collisions occurring in 
critical lateral control situations. This is promoted by 
linking intervention to the associated threat thus 
encouraging vehicle technology that discriminates 
between event types and their criticality, such as 
benign crossing of lane markings versus critical 
events such as run-off road, head-on collisions with 

oncoming vehicles and collisions with overtaking 
vehicles. In non-threatening lane departure events 
the vehicle may still issue a subtle warning to act as 
a reminder of lane marking crossing to the driver. 
 
An Insurance Institute for Highway Safety (IIHS) 
study (IIHS, 2010) identified lane support systems as 
having the potential to prevent or mitigate 23 per 
cent of fatal crashes, greater than the potential of 
Forward Collision Warning (FCW), side view assist 
and adaptive headlights. It was noted that there was 
significant potential for effectiveness in single 
vehicle run-off road crashes, many of which end in 
death (Jermakian, 2011). However Highway Loss 
Data Institute (HLDI) findings to date (HLDI, 2012) 
have found that in some cases the fitment of LDW 
systems has led to higher claims rates in some cases, 
whilst approaching half of owners driving vehicles 
with the systems have reported them providing false 
or unnecessary alerts. In excess of a quarter describe 
the systems as annoying, describing their function as 
being akin to a ‘turn signal nanny’. 
 
A benefit of interpreting the threat associated with 
lane departure events is the ability to minimise the 
frequency of corrective inputs thus reducing the 
driver perception of unnecessary intervention and 
maximising driver acceptance of such systems. 
Therefore, similar to Autonomous Emergency 
Braking (AEB), the demanding requirement for a 
system to be default on at the beginning of every 
journey can be made to maximise the potential 
benefit in every day driving. 

REAL WORLD CRASH DATA 

Analysis of UK accident data revealed that one 
quarter of police reported collisions are classified as 
single vehicle, head-on, or lane change incidents, 
accounting for 27 per cent of all fatal and serious 
injuries. 
 
In depth analyses of accident data from countries 
including the UK, Germany and France identified 
that ELK relevant collisions are characterised by the 
following parameters: 
 

• Collisions typically occur on rural single 
carriageway roads with speed limits in the 
range of 35 to 50mph (60 to 80km/h). 

• Half of collisions occur on straight roads and 
half on gentle bends. 
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• A variety of markings are present across the 
various member states: solid or dashed 
white lines or no edge marking. 

• The majority are single vehicle events with 
one in ten collisions including a second 
vehicle. 

• Two thirds of events occur during daylight 
and one third during darkness. 

• Typically the vehicle involved gently drifts 
from the lane with a shallow departure 
angle. 

• In cases where the driver is distracted, the 
drift is often with a constant steering wheel 
angle. 

 
The ELK test scenarios were generated based on the 
above findings. Another type of run-off road collision 
identified was that occurring with higher lateral 
velocities typically on smaller radius curves as a 
result of the driver failing to recognise the tightness 
of the approaching bend, entering at excessive 
speed and/or failing to steer appropriately. In these 
cases the lateral velocity rises rapidly because of the 
road geometry and they are subsequently outside of 
the scope of ELK. Curve approach or speed warning 
could be a more appropriate countermeasure for 
these cases. 

TESTING METHODOLOGY 

Scenarios 

The ELK element of the 2018 Euro NCAP LSS test 
protocol comprises of the following test scenarios: 
 

1. Running off the road to the near side. 
2. Side collisions with an overtaking vehicle. 
3. Head-on collisions with an oncoming 

vehicle. 
 
For the running off road scenario there are three 
near side lane boundaries sub-scenarios: a solid 
marking, a dashed marking and the paved road edge 
(see Figure 1). 
 
 
 

 
 

 
 

 
 
Figure 1. Running off road to the near side sub-
scenarios 
 
For the side collision with an overtaking vehicle 
scenario there are two sub-scenarios: a target 
vehicle travelling at the same speed as the test 
vehicle positioned centrally in the adjacent lane in 
the blind spot, and a target vehicle travelling 
centrally in the adjacent lane approaching from 
behind travelling at a slightly higher speed and 
overtaking. In these scenarios the lane change 
manoeuvre is synchronised such that the leading 
edge of the vehicle target would collide with the rear 
axle line of the test vehicle in case of no ELK system 
intervention (see Figure 2). 
 

 
 
Figure 2. Side collision with overtaking vehicle 
scenario 
 
For the head-on collision with an oncoming vehicle 
the lane change manoeuvre is synchronised such 
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that the test vehicle crosses the central dashed lane 
marking into the path of the oncoming target vehicle 
and would collide with an overlap equivalent to ten 
per cent of the width of the test vehicle in case of no 
ELK system intervention (see Figure 3). 
 

 
 
Figure 3. Head-on collision with oncoming vehicle 
scenario 

Metrics 

The running off road to the nearside and side 
collisions with an overtaking vehicle are tested at 
lateral velocities of 0.2 to 0.5 metres per second. The 
side collisions with an overtaking vehicle with 
intentional lane change are completed at lateral 
velocities of 0.5 to 0.7 metres per second. The head-
on collision with an oncoming vehicle scenario is 
tested at lateral velocities of 0.3 to 0.6 metres per 
second reflecting the greater lateral distance that a 
vehicle will drift before colliding with the impact 
partner. All tests are performed in 0.1 metres per 
second increments. 
 
All scenarios are initiated with the test vehicle 
travelling in lane at 45 miles per hour (72km/h) 
parallel to the lane boundary. In the side collision 
with an overtaking vehicle in the blind spot and the 
head-on collision with an oncoming vehicle the 
target vehicle also travels in lane at 45 miles per 
hour (72km/h) parallel to the lane boundary. In the 
side collision with an overtaking vehicle travelling at 
a higher speed sub-scenario the target vehicle 
travels at 50 miles per hour (80km/h) parallel to the 
lane boundary. 
 
The lateral velocities, relative to the longitudinal 
direction of the test lane, are generated by gently 
steering the vehicle towards the lane boundary 
through on fixed radii paths of varying arc lengths. 
All three test scenarios are completed replicating 
unintentional drifting out of lane. A path radius of 
1200m is used to replicate unintentional drifting to 
maintain the yaw rate below one degree per second 
at the test speed thus prevent the system operation 
from being suppressed. The side collision with an 

overtaking vehicle scenario is also completed with an 
intentional lane change manoeuvre where the 
indicator is applied and a radius of 800m is used. 
 
Once the appropriate lateral velocity is established 
relative to the lane boundary the vehicle then 
continues to travels on a straight path towards the 
impact location ahead of ELK system intervention. 

Target 

The test target specified for use is the Global Vehicle 
Target (GVT) impactable 3D car target according to 
ISO 19602 Part 1 (see Figure 4). This document 
specifies the properties of an omni-directional multi-
purpose vehicle target that will allow it to represent 
a passenger vehicle in terms of size, shape, reflection 
properties, etc. for testing purposes. 
 

 

 
Figure 4. Global Vehicle Target (GVT) according 
to ISO 19602 Part 1 

Road Edge 

The running off the road to the near side scenario 
required the definition of a suitable road edge to 
ensure repeatable and reproducible testing across 
the various Euro NCAP test laboratories. Given the 
need to understand how vehicle sensors systems 
interpreted real road edges in order to be able to 
replicate them on the test track, members of the 
European Automobile Manufacturers (ACEA) and the 
European Association of Automotive Suppliers 



 

Grover 5 

(CLEPA) worked together to identify the relevant 
typical attributes of real road edges and methods for 
reproducing them on the test track. Three key 
attributes of various types of road edges were 
identified: 
 

• A height difference to the paved surface, 
positive or negative. 

• A colour contrast. 
• A textural difference. 

 
Individually, vehicle manufacturers and suppliers set 
about obtaining and evaluating candidate methods 
and materials for replicating road edges. The main 
challenge of assessing the materials was the 
identification algorithms are trained via a machine 
learning process involving exposing said algorithm to 
many examples of road edges and allowing it to 
develop and improve its own capability to recognise 
them. Subsequently the understanding of the key 
details that require replicating was limited and a 
process of trial and error was required. 
 
A limited number of potential candidate materials 
and installations were identified and IDIADA hosted 
an evaluation workshop on behalf of Euro NCAP in 
October 2016 allowing vehicle manufacturers and 
suppliers the opportunity to assess and develop 
them. The outcome of the workshop was that all 
vehicle systems recognised the various real road 
edges evaluated, and all of the candidate materials 
and installations evaluated were recognised by at 
least some of the vehicle systems, however 
consensus could not be reached on a material or 
installations that would be suitable for all systems. 
 
In order to proceed it was agreed that 2018 testing 
will be performed against different types of road 
edges present at the Euro NCAP test laboratories, 
and work will continue to define a representative 
road edge. 

Control 

The specification of the test scenarios tends to 
robotic control of the test vehicle in order to achieve 
the necessary guidance and synchronisation with the 
test target. Careful consideration must be given to 
the managing the test vehicle control in order to 
facilitate the operation of the ELK system and 
subsequent adjustment of the vehicle heading 
without overriding the intervention. 

Criteria 

The maximum departure permitted in the running 
off the road to the near side solid and dashed 
marking sub-scenarios is 0.3m beyond the inner 
edge of the marking defining the lane. For the road 
edge sub-scenario the maximum permitted 
departure off the paved surface is 0.1m. These 
figures were based on the typical width and position 
of the road edge markings and common tyre widths 
of modern vehicles, the intention being to maintain 
at least half of the width of the tyre on the paved 
surface in order to be able to exercise control over 
the vehicle path. 
 
The pass requirement for the side collisions with 
overtaking vehicles and head-on collisions with 
oncoming vehicles is for the ELK system to intervene 
and avoid the collision. In case of imminent collision 
between the test vehicle and target indicating that 
the ELK system would fail to prevent a collision 
occurring, it is permitted to end the test at the last 
moment and take avoiding action to avoid a high 
speed collision with the vehicle target to maintain a 
safe working environment. In the side collision with 
an overtaking vehicle scenario, it is proposed that 
evasive action may be taken to avoid imminent 
collision with the test target if the test vehicle fails 
the test as a result of straying more than a specified 
distance beyond the lane boundary. At the time of 
writing this figure has yet to be finalised. In the 
head-on collision with an oncoming vehicle scenario 
it is permitted to take evasive action if the test 
vehicle is on a collision course with the car target at 
a time to collision of 0.8s. Development testing has 
demonstrated that this leaves adequate time to take 
avoiding action in both cases. 
 
The results of initial testing indicate that it is possible 
to differentiate between system performance, 
chiefly on the grounds of departure distance from 
the lane and collisions with the target vehicle in the 
higher lateral velocity tests. 

LIMITATIONS 

The ELK test method and scenarios have been 
designed to replicate the real world lane departure 
collision population in order to encourage systems 
that address the most common types. However in 
order to achieve a repeatable and reproducible test 
method some aspects of the typical real world 
crashes have had to be adapted for the test track.  
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One example of this is all of the test scenarios are 
completed on straight road markings, whereas the 
real world data suggested approximately half of all 
collisions occur on gentle bends. This compromised 
is tolerated based on straight road markings being 
available on many test tracks whereas as curves to a 
particular specification would likely require 
installing. The lateral velocities achieved on gentle 
curves can be readily replicated by steering between 
straight lane markings. 
 
Another is the steering behaviour of a distracted 
driver compared to the input used in the test 
scenarios. Drivers whose focus is elsewhere than on 
the road tend to hold a fixed steering wheel angle 
for the duration of their distraction, generally 
resulting in the vehicle tracking around a constant 
radius curve for a period of time. Throughout this 
period the lateral velocity continues to build, 
compared the initial direction of travel. However in 
order to test ELK systems in a discernable fashion a 
method of evaluating at discrete lateral velocities 
was desirable. With a constant radius curve test 
method, the severity of the test is ever increasing 
and governed by the timing of the ELK intervention, 
namely earlier intervention limits the extent to 
which the lateral velocity can develop, leading to 
potentially inconsistent testing. When using robotic 
control to initiate the manoeuvre there is the need 
to relinquish control at some in order for the ELK 
system to intervene. Therefore, for testing purposes, 
an three step test manoeuvre comprising of an initial 
straight line approach followed by a constant radius 
curve to establish the lane departure angle and 
therefore the lateral velocity, followed by another 
straight line path to depart the lane was used to 
establish consistent departure velocities. The robotic 
control systems can then be set to open loop once 
the final straight line path is established ahead of 
ELK intervention. 
 
The real world fixed steering wheel angle issue also 
affects the head-on collision with oncoming vehicle 
scenario. The larger lateral distance between the 
initial vehicle paths and the impact position results 
in greater lateral velocities building as the departing 
vehicle travels across the central lane marking and 
into the path of the oncoming vehicle. The lateral 
position of the path of the oncoming vehicle is also 
orientated nearer to the central lane marking to 
modulate the time to collision between crossing the 
central lane marking and the collision occurring 
similar to that in real world collisions. 

CONCLUSIONS 

LDW and LKA systems are becoming more prevalent 
on modern vehicles, however their current simple 
implementation leads to frequent activation and 
intervention. Drivers report this indiscriminate 
intervention as annoying and perceive it to be 
unnecessary, which leads to system deactivation and 
the loss of any potential safety benefit in critical 
situations. 
 
The aim of developing ELK test methodology is to 
encourage LSS that intervene less frequently but 
more effectively to prevent collisions occurring in 
critical lateral control situations. This was promoted 
by linking intervention to the associated threat thus 
encouraging vehicle technology that discriminates 
between event types and their criticality. A benefit 
of interpreting the threat is the ability to minimise 
the frequency of corrective inputs thus reducing the 
driver perception of unnecessary intervention and 
maximising driver acceptance of such systems. 
Therefore, similar to Autonomous Emergency 
Braking (AEB), the demanding requirement for a 
system to be default on at the beginning of every 
journey can be made to maximise the potential 
benefit in every day driving 
 
Relevant real world crash data from European 
sources was studied to identify the common 
features of lateral control collisions such as run-off 
road, head-on collisions with oncoming vehicles and 
collisions with overtaking vehicles. Test scenarios, 
methodology, metrics and controls were developed 
for evaluating ELK systems. Evaluation criteria were 
also developed to encourage effective intervention 
in the real world. 
 
The oncoming and overtaking testing scenarios 
require the use of a partner vehicle to trigger the ELK 
system intervention. The test target specified for use 
is the Global Vehicle Target (GVT), an impactable 3D 
car target according to ISO 19602 Part 1. It was 
intended that a representative road edge would also 
be developed to achieve repeatable testing across 
various locations, however it proved more 
challenging than initially anticipated to replicate the 
attributes of a real road edge and work continues in 
this area. 
 
Although the testing methodology is grounded in 
real world data, certain compromises were required 
relating to the steering input and how the lane 
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departure was generated in order to achieve a 
repeatable and reproducible results. However the 
results of initial testing indicate that it is possible to 
differentiate between system performances, 
particularly at higher lateral velocities. 
 
The test procedures have been proposed to Euro 
NCAP for adoption, and will be implemented in the 
star rating scheme from 2018. Integration of the 
procedures into consumer testing will help to guide 
development of system design in future vehicles. 
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ABSTRACT 
 
Automated Emergency Braking (AEB) first entered the UK market in November 2008 as standard fitment on 
the Volvo XC60. This system was a LIDAR based system operating up to 30km/h to address low-speed rear-end 
frontal collisions. There has been continuous increase in the number of vehicles offered with AEB systems as 
standard. As of January 2017, 1,586,103 vehicles in the UK are fitted with AEB representing 4.3% of the 
vehicle car parc. Testing of these systems has also broadened with AEB City and Inter-Urban tests entering the 
Euro NCAP assessment in 2014 with Pedestrian AEB entering in 2016 and by 2018 Cyclist AEB test will also 
be added to the Euro NCAP assessment. Other AEB tests have also been developed for reverse AEB systems 
with the intention of adopting these tests into the UK insurance group rating system. 
 
An analysis of both Euro NCAP AEB City test results and insurance claims information shows that over the 
respective years of study AEB system performance has improved with a corresponding increase in system 
functionality. Recent vehicle tests show that a AEB system with City, Inter-Urban and Pedestrian functions will 
score 100% compared to the highest City only average of 81%. Statistical analysis on the effect AEB equipped 
vehicles compared to a control cohort of similar vehicles showed that Third Party Injury claim frequency is 
reduced by 38% for a City & Inter-Urban system compared to 28% for a City only system. 
 
It is expected that the ADAS development required to enable assisted and automated driving will continue to 
improve the efficacy of AEB systems and further real-world safety benefits will be realised. 
. 
 
INTRODUCTION 
 
Automated Emergency Braking (AEB) first entered 
the UK market in November 2008 as standard 
fitment on the Volvo XC60. This system was a 
LIDAR based system operating up to 30km/h to 
address low-speed rear-end frontal collisions. There 
has been continuous increase in the number of 
vehicles offered with AEB systems as standard. As 
of January 2017, 1,586,103 vehicles in the UK are 
fitted with AEB representing 4.3% of the vehicle 
car parc. Testing of these systems has also 
broadened with AEB City and Inter-Urban tests 
entering the Euro NCAP assessment in 2014 with 
Pedestrian AEB entering in 2016 and by 2018 
Cyclist AEB test will also be added to the Euro 
NCAP assessment. Other AEB tests have also been 
developed for reverse AEB systems with the 
intention of adopting these tests into the UK 
insurance group rating system. 
 
Several retrospective studies have published results 
for the effectiveness of AEB systems when 
compared against a cohort or control vehicles. 

Initial studies used insurance claims to study the 
effect of own damage, third party damage and third 
party injury claims. IIHS showed in 2015 that 
Volvo City Safety Systems offered a -21%, -14% 
and -28% reduction in first party accident damage, 
third party accident damage and third party injury 
claims respectively [1]. An analysis of Swedish 
insurance data also showed a 28% overall reduction 
between rates of rear end frontal collisions, 
comparing groups of Volvo models with and 
without city safety [2]. Previous Thatcham 
Research studies of UK insurance based claims for 
the Volvo XC60 against a cohort of SUV control 
vehicles showed a -6%, -8% and -21% reduction in 
first party accident damage, third party accident 
damage and third party injury claims respectively. 
The same study also showed a -1%, -20% and -
45% reduction in first party accident damage, third 
party accident damage and third party injury claims 
respectively for the Volkswagen Golf Mk7, a Radar 
based Inter-Urban and City AEB system [3]. 
 
Based on an analysis of police reported injurious 
accidents throughout Europe, Euro NCAP analysed 
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the effect of AEB City systems using the induced 
exposure method and showed a 38% reduction in 
accidents compared to a control group of cohort 
vehicles [4] 
 
Given the demonstrable effectiveness of AEB in 
both test and real-world scenarios and therefore the 
potential to reduce insurance claim risk, the Euro 
NCAP City AEB test was incorporated in the UK 
Insurance Group Rating with insurers offering on 
average a 10% discount on the insurance premium 
price. 
 
As the sophistication of AEB systems, through 
improved sensors and object detection algorithms, 
has grown to cover more scenarios and object 
partners there has been an increase in basic 
performance in the City AEB test. This paper aims 
to explore if there has also been a corresponding 
increase in the effectiveness of these systems 
relative to non-AEB and City only AEB systems 
and expands on previous real-world analysis by 
considering additional AEB equipped vehicles 
beyond the Volvo XC60 and Volkswagen Golf of 
previous studies [3]. 
 
 
METHODS 
 
The paper discusses two aspects of AEB 
performance, test performance and real-world 
effectiveness. 
 
Firstly, AEB track performance testing is 
conducted in accordance with the Euro NCAP AEB 
City test protocol, a car to car rear stationary test at 
5km/h increments up to 50 km/h. Vehicle motion 
towards the stationary EVT test target is controlled 
under GPS guided robot control (Anthony Best 
Dynamics steering and pedal robots in combination 
with an Oxford Technical Solutions motion pack). 
Braking performance is determined from analysis 
of the resulting vehicle kinematic data during AEB 
braking. The data presented are test results from 
either Euro NCAP or UK insurance group rating 
tests.  
 
Secondly, real-world analysis uses insurance claims 
data to analyse the effects of AEB on claim 
frequencies and severity. Two main analyses were 
studied, individual vehicle AEB effect against a 
cohort of similar control vehicle to the vehicle of 
study and an aggregated AEB effect against all 
vehicle types in the insurance claims dataset. The 
individual vehicles studied were the Volvo XC60, 
Volvo V40, Volkswagen Golf and Nissan Qashqai.  

The analysis of the Volvo XC60 and Volkswagen 
Golf is a continuation of the previous analyses of 
these vehicles [3] but now encompassing a greater 
level of exposure due to two years additional 
claims data. Appendix A lists the control cohort 
vehicles for the individually studied vehicles. An 
extended analysis of the Volvo V40 was performed 
comparing the Volvo V40 with standard City AEB 
and Volvo V40 with optional Inter-Urban AEB, 
Lane Keep Assist and Lane Departure Warning. 
 
Appendix B lists the AEB equipped vehicles used 
in the aggregate study. Control vehicles were all 
over cars in the insurance claim dataset. 
 
The real-world effect analysis is based on the 
liability types of own damage, third party damage 
and third party injury. An own damage claim 
relates to claims payable to the insured party for 
damage to their vehicle. In practice this primarily 
includes at-fault claims involving other vehicles or 
fixed object, but also covers non-fault incidents 
such as hit by an unknown third-party, weather 
damage, animal strike and vandalism. A third-party 
damage claim relates to the struck vehicle or object 
for the third/other parties. A third-party injury 
relates to third/other parties injured through the 
actions of the insured/policy holder. 
 
 
Data Sources 
 
Test results are taken from either Euro NCAP or 
UK insurance group rating tests that have been 
complied into a dataset for use by Thatcham 
Research insurer members for underwriting 
purposes. 
 
The real-world study uses two datasets. Insurance 
claims information including costs paid by the 
policyholder’s insurer with exposure information in 
terms of insured vehicle years (IVYs) and where 
possible a free text description or categorisation of 
the accident type resulting in the claim. A vehicle 
insured for 6 months will have an IVY of 0.5, two 
vehicles of the same type insured for 6 months will 
have an IVY of 1 year.  The supplied data covers 
claims from 2009 to 2015, thus encompassing the 
first possible AEB claims for the Volvo XC60 and 
all subsequent AEB equipped vehicles.  
 
The other dataset is Thatcham Research’s Research 
Claim Database; this details insurer authorised 
repairs and lists damage locations, parts damaged 
and repair costs and times for both parts, paint and 
labour. Whilst all claim types can appear in this 
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database it mostly comprises of repaired vehicles 
and thus represents collision damage more so than 
injurious accidents were typically the vehicle is a 
total loss and may not be estimated for repair. The 
database cover 90% of the UK insurer market by 
volume. 
 
From both datasets, only at fault accident damage 
claims were used in the assessment, excluding fire, 
theft and other similar losses. The liability was 
determined if there was a third party claim paid. 
 
 
Statistical Analysis 
 
AEB effectiveness is compared in terms of claims 
frequency relative to exposure in IVYs and claim 
severity in terms of average claims cost or average 
repair time and an overall effect in terms of the 
average loss payment per insured vehicle year. A 
generalised linear model is used to model the claim 
frequency (per 100 IVYs) or claim severity as the 
response variables with the covariates of model, 
year of exposure, driver age band, driver gender 
and vehicle mileage band. Previous covariates were 
only model and claim year [3]. These statistical 
models were used to compare the AEB study 
vehicle loss experience with that of the weighted 
average of the appropriate control cohort. A 
Poisson distribution was used for the claims 
frequency analysis and a Gamma distribution for 
the claims severity analysis, in both cases using a 
logarithmic link function.  
 
The AEB study vehicle was set as the baseline for 
the model series variable and all its control cohort 
vehicles were calculated relative to it. As the 
response variable is related to the model series 
categorical variables by a log link function, the 
relative ration of a given model series to the AEB 
study vehicle baseline is found by taking the 
exponential of its regression coefficient.  
 
For the Volvo V40 vs. Volvo V40 with optional 
safety pack analysis it was found that the severity 
data on repair costs and times had a non-normal 
distribution with several outlying data points. To 
account for the non-normal distribution 
MANCOVA and Mann-Whitney nonparametric 
tests were used for the analysis, both provided 
comparable results. 
 
There are several factors that may affect the 
analysis of severity when only looking at repair 
estimate costs mainly this has been addressed by 
selecting the control cohort vehicle by the same or 

similar body style to control for any variation in 
repair costs through different styling effecting 
which parts are damaged in an impact through to 
the time required to repair a vehicle of a certain 
size. Control cohorts of medium cars, medium 
SUVs and small and medium SUVs were used for 
the Volkswagen Golf and Volvo V40, Volvo XC60 
and Nissan Qashqai respectively. See Appendix A 
for the list of vehicle by cohort. 
 
 
RESULTS 
 
AEB Test performance: 
 
Since 2012 65 separate vehicles have been tested 
for inclusion in the UK Group Rating formula. 
Figure 1 shows the AEB City test score as a 
percentage by year of test and AEB system 
functionality. This analysis shows that between 
2012 and 2016 average system performance by 
year has improved by 72%. Those systems that also 
supplement AEB City with Inter-Urban and/or 
Pedestrian functionality generally have a higher 
score compared to City only systems. These higher 
performing systems are typified by camera and/or 
radar systems, offering improved range and 
detection. 
 

 
Figure 1. 

Average AEB City test performance by Year 
and AEB system type 
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Statistical Analysis: 
 

Table 1a. 
Volvo XC60 Claim Frequency Analysis 

 
 IVYs % Effect 95% CI 
Own 
Damage 

22,041 2% (-1%, 5%) 

Third Party 
Damage 

22,041 -9% (-12%, -6%) 

Combined 
Damage 

22,041 2% (-1%, 6%) 

Third Party 
Injury 

22,041 -26% (-30%, -21%) 

 
Table 1b. 

Volvo XC60 Claim Severity Analysis 
 
 IVYs % Effect 95% CI 
Own 
Damage 

22,041 -3% (-6%, -1%) 

Third Party 
Damage 

22,041 -8% (-11%, -5%) 

Combined 
Damage 

22,041 -3% (-6%, -1%) 

Third Party 
Injury 

22,041 7% (-2%, 17%) 

 
The Poisson regression analysis for frequency 
analysis showed that although there is a 2% 
increase in Own Damage claims compared to the 
control cohort this result is not statistically 
significant. A small beneficial effect is seen for the 
Gamma regression severity/cost analysis but Third 
Party Injury costs are slight greater at 7%. This 
analysis suggests while injury rate is reducing the 
remaining injury claims are potentially of a higher 
severity compared to the control, thus an increase 
claim cost. 

 
Table 2a. 

Volkswagen Golf Claim Frequency Analysis 
 
 IVYs % Effect 95% CI 
Own 
Damage 

17,126 -10% (-14%, -6%) 

Third Party 
Damage 

17,126 -24% (-29%, -19%) 

Combined 
Damage 

17,126 -12% (-15%, -9%) 

Third Party 
Injury 

17,126 -20% (-28%, -12%) 

 
 

 
 
 

Table 2b. 
Volkswagen Golf Claim Severity Analysis 

 
 IVYs % Effect 95% CI 
Own 
Damage 

17,126 -11% (-15%, -7%) 

Third Party 
Damage 

17,126 -11% (-16%, -5%) 

Combined 
Damage 

17,126 -14% (-18%, -10%) 

Third Party 
Injury 

17,126 -1% (-9%, 8%) 

 
Results for the Volkswagen Golf with a City and 
Inter-Urban AEB system show a consistent 
reduction in claim rate across all liabilities as 
potentially expected with a broader performing 
system, Again, injury severity is not showing an 
expected benefit compared to the claim frequency 
reduction but this may be explained by the severity 
of the residual injury claims. 

 
Table 3a. 

Nissan Qashqai Claim Frequency Analysis 
 
 IVYs % Effect 95% CI 
Own 
Damage 

5,277 3% (-5%, 12%) 

Third Party 
Damage 

5,277 -30% (-37%, -21%) 

Combined 
Damage 

5,277 -1% (-8%, 6%) 

Third Party 
Injury 

5,277 -38% (-49%, -25%) 

 
Table 3b. 

Nissan Qashqai Claim Severity Analysis 
 
 IVYs % Effect 95% CI 
Own 
Damage 

5,277 -16% (-23%, -9%) 

Third Party 
Damage 

5,277 -19% (-27%, -11%) 

Combined 
Damage 

5,277 -16% (-22%, -10%) 

Third Party 
Injury 

5,277 20% (4%, 38%) 

 
For the Nissan Qashqai, results indicate that, the 
3% increase in Own Damage is not statistically 
significant but there is a significant reduction in 
Third Party claim frequencies. Again, there is an 
increase in injury severity. At 5,277 IVYs, 
exposure is potentially low and based on previous 
AEB effectiveness analyses [1] this figure might 
increase to show less benefit. 
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Table 4a. 

Volvo V40 Claim Frequency Analysis 
 
 IVYs % Effect 95% CI 
Own 
Damage 

6,175 -4% (-9%, 0%) 

Third Party 
Damage 

6,175 -19% (-24%, -13%) 

Combined 
Damage 

6,175 -9% (-13%, -5%) 

Third Party 
Injury 

6,175 -28% (-40%, -24%) 

 
 

Table 4b. 
Volvo V40 Claim Severity Analysis 

 
 IVYs % Effect 95% CI 
Own 
Damage 

6,175 19% (13%, 25%) 

Third Party 
Damage 

6,175 -4% (-10%, 3%) 

Combined 
Damage 

6,175 14% (8%, 19%) 

Third Party 
Injury 

6,175 0% (-12%, 12%) 

 
The Volvo V40 result are largely consistent with 
the effects observed for the other AEB study 
vehicles but Own Damage severity is markedly 
higher at 19% compared to the control cohort. Like 
injury severity this may be a result of residual 
accidents being more severe or that the Volvo V40 
is a more expensive vehicle to repair than the 
control cohort 
 

Table 5a. 
Aggregated AEB Claim Frequency Analysis 

 
 IVYs % Effect 95% CI 
Own 
Damage 

48,330 4% (-1%, 9%) 

Third Party 
Damage 

48,330 -20% (-26%, -14%) 

Combined 
Damage 

48,330 -5% (-9%, -1%) 

Third Party 
Injury 

48,330 -28% (-37%, -19%) 

 
 
 
 
 
 
 
 

Table 5b. 
Aggregated AEB Claim Severity Analysis 

 
 IVYs % Effect 95% CI 
Own 
Damage 

48,330 -7% (-12%, -2%) 

Third Party 
Damage 

48,330 -5% (-11%, 2%) 

Combined 
Damage 

48,330 -8% (-12%, -3%) 

Third Party 
Injury 

48,330 -7% (-17%, 4%) 

 
The aggregated AEB analysis is aligned with the 
results for the AEB equipped vehicles, which 
potentially illustrates that in this type of analysis if 
there is enough AEB equipped vehicle across a 
broad range of manufacturers and body styles that a 
control cohort becomes less of a requirement.  
 
In the analysis of the Volvo V40 vs. Volvo V40 
with the optional safety pack, 7234 vehicles had 
Standard City Safety AEB and 1045 vehicle were 
fitted with the additional safety pack. Average total 
repair hours and average total repair costs were 
10% and 9% lower respectively for the Volvo V40 
with the optional safety pack. 
 
 
DISCUSSION 
 
The AEB study vehicles can be split into two 
distinct groups, by their AEB systems, the Volvo 
XC60 and Volvo V40 are both equipped with 
LiDAR based low speed City systems whereas the 
Volkswagen Golf and Nissan Qashqai have Radar 
based systems City and Inter-Urban systems, 
operating across a broader speed range for front to 
car longitudinal accidents. 
 
The results from the series of statistical analysis 
comparing the liability types of Own Damage, 
Third Party Damage and Third Party Injury also 
suggest a corresponding performance split 
regarding the two system types. For the City AEB 
only systems Third Party Damage frequency is 9% 
and 19% less than the control cohort. For the same 
metric, the City and Inter-Urban systems have a 
reduction of 24% and 30%. The same trend is also 
seen for Third Party Damage severity, a greater 
reduction for the higher performing system of 11% 
and 19% versus 4% and 8%. It is likely that these 
additional reductions between the systems is 
proportional to the additional number of accident 
scenarios addressed by the broader operating speed, 
through avoidance and mitigation. 
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Third Party Injury frequency is reduced by a 
similar amount for all systems 20%, 26%, 28% and 
38% indicating that all the systems are potentially 
very selective to the designed crash type. 
 
One area of the analysis were the benefits between 
systems is less marked or even shows an increase 
for the AEB vehicles compared to the control 
cohorts is in Third Party Injury severity. In the case 
of the Nissan Qashqai there is a 20% increase in 
claim cost compared to the control cohort. A 
rational conclusion for this result could be that due 
to the system avoiding and mitigating low to mid-
speed accident the residual accidents are those of a 
greater injurious nature and therefore attract a 
higher claim value. The other results for the 
frequency and severity analysis support that the 
system is effective in avoiding accidents therefore 
supports this possible explanation. The same effect 
is also seen for the Volvo XC60 but to less of an 
extent, a 7% increase in Third Party Injury costs. It 
is also observed in insurer data that injury claim 
costs for whiplash injury do not vary greatly across 
a range of impact severities, as determined from 
photographic evidence with linked claim records, 
therefore the observed benefits could be biased due 
to a tendency for whiplash claims irrespective of 
severity. 
 
Based on the rational of the increased Third Party 
Injury costs a similar effect could be summarised 
for the Volvo V40 for Own Damage, a 19% 
increase. It could be that the residual non-low 
speed accidents that City AEB does not address 
gives rise to a greater mean value of claims 
compared to the control cohort group.  
 
Further analysis of the claims both for accident 
damage and injury would help support these 
hypotheses but this type of information is not 
readily collected by Thatcham Research or 
analysed by insurers. 
 
Compared to the previous analysis of the 
Volkswagen Golf [3] one of largest changes in the 
results is for Third Party Injury frequency, -45% vs. 
-20%. To understand if the change was due to the 
increase in covariates used in this analysis 
compared to the previous study, a Poisson 
regression was undertaken using just model and 
exposure year covariates as per the previous study. 
Third Party Injury frequency was -16% [-24%, -
7%] therefore there is more than variation in model 
fit effecting the result, the main influencer is likely 
to be the increase in exposure (IVYs). This type of 

change was also observed by IIHS in their studies 
of the Volvo XC60 a change from -51% to -33%. 
 
The analysis of the aggregated dataset shows that, 
apart for Own Damage frequency, there is a 
consistent small reduction across all AEB effect 
metrics. The main aim of this analysis was to 
substantiate the discount rate currently offered in 
Group Rating. 
 
Whilst the AEB test performance is near 100% for 
the latest vehicles and still high for older vehicles, 
regardless of AEB system, there is a disparity 
between observed test performance and real-world 
effectiveness. A detailed analysis of repair estimate 
photographs where the accident type was front to 
rear in longitudinal traffic showed that while 48% 
resulted in full width damage to the vehicle, 
suggesting a similar crash scenario to the Euro 
NCAP test – square on to the test target, 10% 
occurred with two-thirds overlap or centre damage 
only and 11% occurred with an overlap of less than 
a quarter of the vehicle width. 95% of impacts 
occurred with a PDoF at 6 or 12 o’clock. 
Provisional testing of overlap situations indicates a 
degradation in systems performance by 40% for a 
camera and radar based system when tested at 
100% and 40% overlap. This highlights the 
importance of using real-world analysis to further 
the development of both test procedures and ADAS 
systems. 
 
 
CONCLUSION 
Since the introduction of the first AEB system in 
the UK market in 2008 there has been a consistent 
improvement in both test and real-world 
performance of vehicles fitted with increasingly 
more comprehensive AEB systems in terms of 
functionality and therefore addressing a greater 
number of accident scenarios. 
 
Along with improved sensor capabilities to allow 
such functions as AEB Pedestrian and Cyclist these 
sensor developments also are providing an enabler 
for other ADAS systems based around camera and 
radar fusion such as Lane Keep Assist, Emergency 
Lane Keep and Automated Evasive Steering. It is 
therefore expected that further development in both 
consumer and regulatory tests will drive 
manufacturers to continue advancing the state of art 
in terms of AEB and start to address the remaining  
proportion of accident scenarios in the next 10 
years, especially to ensure the availability and 
proliferation of Autonomous driving in the vehicle 
fleet. 
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APPENDIX A: Control cohort vehicles by body style 
 

Body Style 
Medium Cars Medium SUV Small and Medium SUV 
Audi A4 Audi Q3 Audi Q3 
BMW 3 Series Audi Q5 BMW X1 
Ford Focus BMW X1 BMW X3 
Honda Civic BMW X3 Citroen C4 Cactus 
Infiniti Q50 Citroen C4 Ford Eco Sport 
Kia Cee'd Ford Kuga Ford Kuga 
Lexus IS Honda CR-V Honda CR-V 
Mazda 3 Hyundai IX35 Hyundai IX35 
Renault Megane Hyundai Tucson Infiniti QX50 
Mercedes C-Class Infiniti EX Jeep Cherokee 
Nissan Pulsar Infiniti QX50 Kia Sportage 
Octavia Jeep Cherokee Mitsubishi Outlander 
Peugeot 308 Kia Sportage Nissan Juke 
Skoda Octavia Land Rover Discovery Nissan Qashqai 
Toyota Auris Land Rover Freelander Nissan X-Trail 
Toyota Avensis Land Rover Evoque Peugeot 2008 
Volkswagen Golf Mercedes-Benz ML Peugeot 5008 
 Mitsubishi Outlander Porsche Macan 
 Nissan Qashqai+2 Renault Captur 
 Nissan X-Trail Renault Scenic XMOD 
 Peugeot 5008 Skoda Yeti 
 Porsche Macan Suzuki Grand Vitara 
 Renault Scenic Suzuki SX4 S-Cross 
 Suzuki Grand Vitara Toyota Rav-4 
 Toyota Rav-4 Vauxhall Mokka 
 Vauxhall Antara Volvo XC70 
 Volvo XC70  
   
   
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Sari 9 
 

APPENDIX B : AEB vehicles in the Aggregated AEB study
 
BMW 2 Series Active Tourer 
BMW X5 
BMW X6 
Fiat 500L 
Ford Focus 
Honda Civic 
Land Rover Discovery Sport 
Mazda 2 
Mazda 3 
Mazda 6 
Mazda CX-5 
Mercedes-Benz B-Class 
Mercedes-Benz C-Class 
Mercedes-Benz C-Class 
Mercedes-Benz CLA 
Mercedes-Benz CLS Class 
Mercedes-Benz E-Class 
Mercedes-Benz GLA-Class 
Mercedes-Benz S-Class 
Mitsubishi Outlander 
Nissan Pulsar 
Nissan Qashqai 
Nissan X-Trail 
Skoda Fabia 
Skoda Octavia 
Tesla Model-S 
Volkswagen e-Golf 
Volkswagen Golf 
Volkswagen Golf Non AEB 
Volkswagen Golf SV 
Volkswagen Passat 
Volvo S60 
Volvo S80 
Volvo V40 
Volvo V60 
Volvo V70 
Volvo XC60 
Volvo XC70 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX C: Comprehensive Results - Statistical Analysis 
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Volvo XC60 AEB Frequency Analysis 
 Volvo XC60 Control AEB Effect 

 
Exposure 
(IVYs) 

Claim 
Count 

Claim per 
100 IVYs 

Claim per 
100 IVYs 

% 
Difference 

95% CI 

Own Damage 22,041 974 4.42 4.33 2% (-1%, 5%) 
Third Party Damage 22,041 585 2.65 2.91 -9% (-12%, -6%) 
Combined Damage 22,041 1,269 5.76 5.62 2% (-1%, 6%) 
Third Party Injury 22,041 152 0.69 0.93 -26% (-30%, -21%) 
  
Volvo XC60 AEB Severity Analysis 

 Volvo XC60 AEB Effect 

 
Exposure 
(IVYs) 

Claim Cost per 
Exposure (IVYs) 

% Difference 95% CI 

Own Damage 22,041 £2,084 -3% (-6%, -1%) 
Third Party Damage 22,041 £1,897 -8% (-11%, -5%) 
Combined Damage 22,041 £2,014 -3% (-6%, -1%) 
Third Party Injury 22,041 £12,032 7% (-2%, 17%) 
 
 
Volkswagen Golf AEB Frequency Analysis 
 Volkswagen Golf Control AEB Effect 

 
Exposure 
(IVYs) 

Claim 
Count 

Claim per 
100 IVYs 

Claim per 
100 IVYs 

% 
Difference 

95% CI 

Own Damage 17,216 765 4.47 4.97 -10% (-14%, -6%) 
Third Party Damage 17,216 293 1.71 2.26 -24% (-29%, -19%) 
Combined Damage 17,216 871 5.09 5.78 -12% (-15%, -9%) 
Third Party Injury 17,216 114 0.67 0.84 -20% (-28%, -12%) 
  
Volkswagen Golf AEB Severity Analysis 

 Volkswagen Golf AEB Effect 

 
Exposure 
(IVYs) 

Claim Cost per 
Exposure (IVYs) 

% Difference 95% CI 

Own Damage 17,216 £2,024 -11% (-15%, -7%) 
Third Party Damage 17,216 £1,901 -11% (-16%, -5%) 
Combined Damage 17,216 £1,990 -14% (-18%, -10%) 
Third Party Injury 17,216 £9,487 -1% (-9%, 8%) 
 
 
Nissan Qashqai AEB Frequency Analysis 
 Nissan Qashqai Control AEB Effect 

 
Exposure 
(IVYs) 

Claim 
Count 

Claim per 
100 IVYs 

Claim per 
100 IVYs 

% 
Difference 

95% CI 

Own Damage 5,277 213 4.04 4.04 3% (-5%, 12%) 
Third Party Damage 5,277 76 1.44 2.04 -30% (-37%, -21%) 
Combined Damage 5,277 245 4.64 4.69 -1% (-8%, 6%) 
Third Party Injury 5,277 27 0.51 0.83 -38% (-49%, -25%) 
  
Nissan Qashqai AEB Severity Analysis 

 Nissan Qashqai AEB Effect 

 
Exposure 
(IVYs) 

Claim Cost per 
Exposure (IVYs) 

% Difference 95% CI 

Own Damage 5,277 £1,843 -16% (-23%, -9%) 
Third Party Damage 5,277 £1,675 -19% (-27%, -11%) 
Combined Damage 5,277 £1,799 -16% (-22%, -10%) 
Third Party Injury 5,277 £8,927 20% (4%, 38%) 
 
Volvo V40 AEB Frequency Analysis 
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 Volvo V40 Control AEB Effect 

 
Exposure 
(IVYs) 

Claim 
Count 

Claim per 
100 IVYs 

Claim per 
100 IVYs 

% 
Difference 

95% CI 

Own Damage 6,175 292 4.73 4.96 -4% (-9%, 0%) 
Third Party Damage 6,175 109 1.77 2.20 -19% (-24%, -13%) 
Combined Damage 6,175 324 5.25 5.79 -9% (-13%, -5%) 
Third Party Injury 6,175 33 0.53 0.80 -32% (-40%, -24%) 
  
Volvo V40 AEB Severity Analysis 

 Volvo V40 AEB Effect 

 
Exposure 
(IVYs) 

Claim Cost per 
Exposure (IVYs) 

% Difference 95% CI 

Own Damage 6,175 £2,422 19% (13%, 25%) 
Third Party Damage 6,175 £1,875 -4% (-10%, 3%) 
Combined Damage 6,175 £2,273 14% (8%, 19%) 
Third Party Injury 6,175 £8.262 0% (-12%, 12%) 
 
 
Aggregated AEB Frequency Analysis 
 Aggregated AEB Control AEB Effect 

 
Exposure 
(IVYs) 

Claim 
Count 

Claim per 
100 IVYs 

Claim per 
100 IVYs 

% 
Difference 

95% CI 

Own Damage 48,330 2,229 4.76 5.14 4% (-1%, 9%) 
Third Party Damage 48,330 880 1.82 2.28 -20% (-26%, -14%) 
Combined Damage 48,330 2,613 5.41 5.68 -5% (-9%, -1%) 
Third Party Injury 48,330 299 0.62 0.86 -28% (-37%, -19%) 
  
Aggregated AEB Severity Analysis 

 
Exposure 
(IVYs) 

Claim Cost 
Average cost per 

Claim 
% 

Diffe
rence 

95% CI 

Own Damage 48,330 £4,869,466 £2,118 -7% (-12%, -2%) 
Third Party 
Damage 

48,330 £1,718,374 £1,953 -5% (-11%, 2%) 

Combined Damage 48,330 £6,587,840 £2,072 -8% (-12%, -3%) 
Third Party Injury 48,330 £2,763,775 £9,243 -7% (-17%, 4%) 
 
 



 

Martin                                                                                                                                                                                            

 
CRASH LAB ADAPTATION FOR ERA GLONASS 
VALIDATION AND HOMOLOGATION TESTS 
 
Sergiy, Vovk 
Saul, Martin 
Miguel Angel, Gallego  
Applus IDIADA  
Spain 
 
Paper Number 17-0291 
 
ABSTRACT 

  
The ERA-GLONASS system aims to save lives 
and mitigate injuries of road traffic accident 
victims or casualties in other emergencies on 
Russian roads.  
 
By using modern navigation, 
telecommunications and information 
technologies, the ERA-GLONASS system can 
reduce the time-to-arrival of the emergency 
services by 30% on average [1]. In the event of 
an accident, the car automatically establishes a 
call to the public emergency service and sends 
data (MSD) with the basic information and the 
GPS position.  

In order to assure this system is working 
properly it must be tested and finally 
homologated by the official entity. Therefore, 
crash test laboratories have to be adapted in 
order to be able to carry out validation tests. 
This paper describes the testing requirements 
and the technical solutions achieved to provide 
car manufacturers a complete validation and 
homologation process for the ERA-GLONASS 
system built into cars. 

INTRODUCTION  

 
The Russian Federation aims to have intelligent 
telematics-based vehicle safety systems in place to 
speed up emergency response times in order to save 
human lives. Emergency Road Assistance (ERA) -
Glonass is an additional safety system which works 
in communication with on-board sensors (e.g. the 
airbag sensors). When the ERA-GLONASS system 
registers a serious road accident, it automatically 

calls the emergency call number 112. The automatic 
notification of the road accident enables the 
emergency services (e.g. medical and fire services, 
police) to arrive in a shorter time.  The average 
reduction of time-to-arrive is 30% [1]. 
 
In order to assure this system is working properly, it 
must be tested and finally homologated by the 
official entity. Therefore, crash test laboratories have 
to be adapted to carry out validation and 
homologation tests.  
 
This paper describes the testing requirements and 
technical solutions achieved to provide car 
manufacturers a complete validation and 
homologation process for the ERA-GLONASS system 
built into cars. 
 
RUSSIAN STANDARD AND TESTING PROTOCOL 

 
According to Annex No. 3 of the Customs Union 
Technical Regulation “On the safety of wheeled 
vehicles” (TR CU 018/2011) paragraphs 16 and 17 
[2]: 

- All vehicle M and N categories affected  
- Transmission of minimum set of data 

(MSD) – current position of vehicle, speed 
and direction, information about vehicle 
type etc.  

- Duplex voice communication via cellular 
mobile network 
 

In additional to Technical Regulation, test 

procedures are described in several interstate 

Standards - GOST: 

 

- 55532-2013 - Test methods for evaluation 
of in-vehicle emergency call system 
conformity to accident detection 
requirements 

- 54620-2011 - In-vehicle emergency call 
system/device General technical 
requirements 

- 34003-2016 - Test Methods In Respect To 
Automatic Triggering Of In-Vehicle 
Emergency Call Device/System In The 
Event Of Vehicle Rollover 
 

It is necessary to understand the main differences 
between Technical Regulation and Interstate 
Standard (GOST). The methods described in the 
Interstate Standard have lower priority as 
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Technical Regulation but give information about 
test procedure. 
 
According to Interstate Standards, in-vehicle 
emergency system should be tested under 
emulated cellular network with possibility to 
perform the Emergency Call to 112 Number. 
 
LABORATORY ADDAPTATION REQUIREMENTS 
AND SOLUTIONS 

 
Laboratory adaptation was divided into three 
parts: GSM and GPS signals inside the crash lab, 
PSAP server for validation tests and complete 
emulated telephone network including PSAP 
server for homologation test. 

There is an important difference between type-
approval and validation tests: for validation 
tests it is possible to use telephone numbers 
other than 112 which are related to PSAP 
server. In this case the public cellular network 
could be used. The adaptation of the laboratory 
in this case is easier than the for type-approval 
test.  

 

Figure 1. Validation test setup IDIADA 

For this kind of test IDIADA uses: 

- Public cellular network 
- IDIADA OECON PSAP server  
- Repeater of GPS / GLONASS signal 

For type-approval of ERA GLONASS it is required 
to use 112 telephone number and emulated 
ERA GLONASS cellular network.   

The emulation of GSM network was only 
possible by using Rhode&Schwarz equipment 
for ERA GLONASS with CMW 500 + KA095. 

 

Figure 2. Emulated Network test setup IDIADA 

Although there are many players in the market 
capable of emulating a GSM telephone 
network, the reason for this unique possibility is 
due to the regulation itself, which stipulates 
that the equipment must be registered in Russia 
as measurement equipment, and the only one 
registered at that time was Rhode & Schwarz 
CMW500.  

A GSM antenna and an amplifier have been 
installed to provide coverage for the impact 
area (1), outside area (2) and acceleration 
tunnel (3). The antenna that has been installed 
is omnidirectional and with a range of 150 
meters radius.  

On the other hand, the tests performed in the 
laboratory are in an indoor space isolated from 
the GLONASS signals. There are two ways to 
solve this:  

- simulate a GLONASS Navigation signal via the 
Rhode &Schwarz CMW500 (SMBV100A) 

- mount a GPS / GLONASS antenna on the roof 
of the laboratory and provide this signal to 
impact area and acceleration tunnel through 
repeater mounted inside laboratory.  

 
IDIADA has decided to use the second option to 
be able to perform tests without using the 
CMW 500 (SMBV100A) module. 
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Figure 3. Laboratory Setup: 1- Impact area; 2- 
outside area; 3- acceleration tunnel 

Validation 
 
Our two systems (OECON Server and Emulated 
network performed a lot of validation connectivity 
tests. It was able to perform connectivity test for 
ERA GLONASS and eCALL. 
 
The connectivity test for the emulated network 
was performed in different points inside and 
outside the laboratory, with different devices.  

To test dynamic performances such as cork screw 
rollover any lack of network coverage must be 
avoided. 

 

ISSUES AND SOLUTIONS 

 

During the validation process several 
technical issues were identified: 

1. Not stable connection with test vehicle – 
adapt Network parameter to test vehicle 
communication unit. 

2. Call to emulated 112 number was 
redirected to real 112 number.  

3. Registration unexpected devices in 
emulated network – special software 
makes it possible to control all 
registration in emulated network. 

On the other hand coverage of GSM signal 
from emulated network is limited by only 
using in crash laboratory area.  

By using emulator is it strictly necessary to 
have an operator in front of emulator all the 
time to check all registration in emulated 
network. Although the time period by using 
emulated network is less than one hour we 
are not able to disturb any emergency calls in 
the area close to the crash laboratory.  

 
CONCLUSIONS 
 
The adaptation of the laboratory to ERA GLONASS 
validation and certification test provided IDIADA 
with new business opportunities. The use of the 
emulated network would help all kinds of crash 
tests to be performed for other markets, not only 
the Russian one.  
 
Since IDIADA started to use this system several 
validation tests and official type approvals for ERA 
GLONASS test have already been performed. 
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ABSTRACT 
 
Truck platooning has great potential for reducing transport costs by lowering fuel consumption and increasing 
traffic efficiency. The short time headway between trucks in a platoon makes detecting the behaviour of other 
road participants essential for safety. Current safety controllers rely only on the traffic situation at the same 
instant, but accurate predictions of traffic behaviour are necessary to optimize the distance between the trucks 
and use the full potential of truck platooning in a safe way.  
 
This study aims to show the potential of applying machine learning techniques to in-vehicle sensor data for 
predicting a cut-in manoeuvre by a passenger car. We have trained several algorithms, ranging from linear 
regression to Support Vector Regression and LSTM neural networks, on a dataset of naturalistic driving that 
contains 146 cut-ins. The results were compared to a benchmark of linear extrapolation under the assumption of a 
constant speed of the passenger car.  
 
The results show that many machine learning algorithms are no viable alternative to the constant speed 
benchmark, with the exception of linear methods and Support Vector Regression. Further development of the 
Support Vector Regression algorithm in a direct-recursive hybrid forecast framework (dubbed dr-SVR) shows 
improvement of the error in the longitudinal distance and speed with more than 40% compared to the 
benchmark. Testing the trained algorithm on a truck platooning dataset shows an improvement of 15%. 
 
The dr-SVR model has the potential to improve the safety of truck platooning by predicting the behaviour of 
passenger cars after a cut-in. More training data, especially including rare outliers and cut-ins representative for 
merges in a truck platoon, are needed to improve the accuracy and make the method suitable for application in 
safety controllers in the platooning trucks. 
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INTRODUCTION 
 
In truck platooning two or more trucks are driving 
with short inter-vehicle distance to reduce fuel 
consumption and improve traffic efficiency [1]. 
These short distances can be accomplished in a safe 
way by using Vehicle-To-Vehicle (V2V) 
communication to inform about the intended 
behaviour of the lead truck to the other trucks in the 
platoon, that are operated automatically. At these 
levels of automation the drivers of the following 
trucks cannot be considered as fallback option in 
safety-critical situations, so operational safety (like 
collision avoidance) must be ensured by the 
automated driving functions.  
 
The trucks in the platoon are equipped with on-
board sensors to detect the surrounding traffic. 
Based on this information unsafe situations can be 
predicted and collisions can be avoided [3]. An 
important situation for operational safety is a cut-in 
of a passenger car in front of one of the trucks, 
which is the focus of this work. Early prediction of 
the behaviour of the car performing the cut-in will 
help to increase operational safety, because the 
controllers can use this additional information to 
anticipate the behaviour of the car, which is 
especially important in case the V2V communication 
fails.  
 
Modern cars are equipped with sensors to detect 
the surroundings of the car for use of advanced 
driving assistance systems and automated driving 
systems. This means that more and more data of 
naturalistic driving become available. The aim of this 
work is to determine the potential of applying 
machine learning algorithms to these data to 
improve the prediction accuracy of the behaviour of 
cars during and after a cut-in. Such algorithms can be 
used in the controller of the following trucks to avoid 
hazardous situations caused by other road 
participants or V2V failures. 
  
 
PROBLEM DEFINITION 
 
The objective of this study is predicting the 
behaviour of a passenger car (hereafter the target) 
after a cut-in action. An example of such situation is 
shown in Figure 1, where a passenger car cuts in 
between two trucks in a platoon. Defining the 
moment in which the target enters the field of view 
of the sensors of the host vehicle (which is the 

moment that the cut-in is detected) as , and 
assuming the cut-in is accomplished at 4s, 
the research question can be summarized as: 
Is it possible to predict the longitudinal distance, 
lateral position, longitudinal speed and longitudinal 
acceleration in an interval of time that goes from  
to ? 
 

 
Figure 1. Cut-in action between two trucks in a platoon by 
a passenger car. 
 
 
METHOD 
 
The prediction algorithms were developed by 
training on vehicle-kinematics data of cut-ins that 
were extracted from naturalistic driving data. In this 
section we describe the datasets and the training 
procedure of the model. 
 
Datasets 
The training and validation of the prediction 
algorithm is done on a dataset of naturalistic driving 
of passenger cars that is part of the TNO Streetwise 
scenario database. This particular dataset describes 
a route of 48.5 km that was driven twice by 20 test 
persons, experienced drivers driving at least 5000 
km/yr. The route took approximately 1 hour and 10 
minutes to complete. The vehicle used was the TNO 
car lab Toyota Prius equipped with in-vehicle sensors 
as well as sensors looking at the environment like 
the radar and Mobileye system for lane detection. In 
addition to the in-vehicle signals, a video stream of 
the forward view and the GPS position of the vehicle 
was logged.  
 
For testing the prediction algorithm, a truck 
platooning dataset was used. In this dataset the 
following truck in the platoon was equipped with a 
front-facing radar and camera. Thus all cut-ins 
recorded happened between the trucks in the 
platoon, as depicted in Figure 1. 
 
Cut-in extraction 
An internally developed cut-in detection algorithm 
was used for automatic extraction of cut-ins from 
the datasets. The intended application of truck 
platooning requires cut-ins on the highway, so we 
only considered cut-ins where the speed of the host 
vehicle was higher than 50 km/h. The start of the 
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cut-in is defined as the moment in which the target 
car crosses the lane marker. The behaviour of the 
target is followed for 4 seconds, which is the 
maximum prediction horizon of the algorithm. The 
relative position, absolute speed, and absolute 
acceleration of both the target car and the host 
vehicle are used as input for the prediction.  
 
The training set contains 146 cut-ins which were 
used for training and validation of the learning 
models. In addition, 17 cut-ins from the the truck 
platooning dataset were used for testing the trained 
model. 
 
Reference model 
The results of the prediction algorithm are compared 
to a baseline model that assumes that the speed of 
the target vehicle remains constant during and after 
the cut-in. For example, that means that the 
longitudinal distance at time  is given by 
 ∆ 	∆ − target − host  
 
In Figure 2 we compare the predicted longitudinal 
distance of this model with the ground truth. We 
also report the root-mean-square error (RMSE) of 
the predictions, computed as  
 

RMSE 	 ∑ − ,                  (Equation 1) 

 
where  is the ground truth of the predicted value, 
and  the prediction. The baseline model performs 
very well, showing that cars do not often change 
speed during a cut-in. After 1 second the average 
prediction error is 24 cm, while after 4 seconds the 
error has grown to 2.4 m. However, this model is not 
able to catch the outliers that are most interesting in 
terms of safety. For the prediction algorithm to be 
useful in practice it needs to perform better than 
this baseline and be able to predict outliers. 
 

 
Figure 2. The prediction as function of the ground truth 
for the longitudinal distance as predicted by the linear 
model. 
 
Forecasting strategy 
Time series forecasting is a well-known problem in 
machine learning, used in many different fields (see 
[2] for a review). Often only a single time step ahead 
needs to predicted. However, this study focusses on 
predicting the behaviour of the target car at multiple 
times in the future. Several strategies exist for this 
so-called multi-step forecasting, for example:  

• Direct forecast: develop a separate model 
for every forecast time step. 

• Recursive forecast: a one-step model that 
uses the output of the previous time step as 
input. 

• Multiple-output forecast: a single model 
that is capable of predicting the entire 
forecast sequence at once. 

• Direct-recursive hybrid forecast: a separate 
model for every forecast time step, that 
takes the output of the previous time step 
as input. 
 

In the following we describe our experiments with 
different strategies to determine which method suits 
this problem best.  
 
Machine learning models 
 
Spot-checking In machine learning there is no one 
model that works best for every problem, the “no 
free lunch” theorem [4]. It is therefore important to 
perform spot-checking: quickly try out different 
machine learning algorithms without optimisation, 
to select the one that is best suited to the problem 
at hand for optimisation. In this study we have used 
several algorithms for direct forecasting to 
determine which one to use in direct-recursive 
forecasting.  
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The algorithms used are: 
• Linear regression: Similar to ordinary least-

squares fitting. 
• Ridge regression: A linear model imposing a 

penalty on the size of the coefficients.  
• Lasso: A linear model that estimates sparse 

coefficients. 
• K-nearest neighbours: Prediction is based 

on the mean of the K most similar 
instances. 

• Decision trees: Prediction is based on a 
binary tree model of the data. 

• Support vector regression: Prediction is 
based on the idea that it is possible to build 
a hyperplane that can separate two 
different sets of objects. 
 

The input for all these machine learning algorithms 
consists of the relative position, absolute speed, and 
absolute acceleration of both the target car and the 
host vehicle at the start of the cut-in.  
 
LSTM neural network In addition to these direct 
forecasting methods, we have also applied a Long 
Short Term Memory (LSTM) neural network. These 
networks are designed to have a memory and are 
thus the form of deep learning that is best suited for 
time series. In contrast to the methods discussed 
above, LSTM neural networks can take multiple time 
steps as input. It is therefore a recursive forecasting 
method. As input we have used the time vector in 
the first second of the cut-in for the same set of 
parameters described above. Because the number of 
cut-ins is limited, we used a small network of 4 
neurons, bigger networks would overfit and produce 
less accurate results. 
 
Training All algorithms were trained on the 
passenger car dataset using leave-one-out cross 
validation. In this procedure, the models are trained 
on − 1  samples from a training set of  
samples, and the prediction error of the model on 
the remaing sample is computed. This procedure is 
repeated  times. As error measure for the 
prediction error we used the RMSE (Equation 1). 

RESULTS 
 
Direct forecast 
In Figure 3 we show the results of the direct 
forecasting methods. For clarity the focus is on the 
prediction of the longitudinal distance only.  
 
With the exception of the Lasso, the linear methods 
(linear regression, ridge regression) perform very 
well, with an average error less than 2 meter for a 
prediction horizon of 4 seconds. This is not surprising 
since the naïve constant speed model, that is also a 
linear model for the distance, shows similar results. 
Almost all the non-linear methods do not perform as 
well and have much higher errors than the constant 
speed model. The positive exception is the SVR 
model, that shows performance equal to linear 
regression. Because (in contrast to linear regression) 
SVR is capable of catching non-linear behaviour, we 
chose this algorithm for further development in the 
direct-recursive framework.   
 

 
Figure 3. The RMSE in the longitudinal distance as 
function of time for prediction using linear regression, 
ridge regression, lasso, k-nearest neighbours, decision 
tree, support vector regression and the constant speed 
model. 
 
LSTM neural network 
In Figure 4 we show the prediction error for the 
LSTM network. The network has as input the time 
series of the input between 0 and 1 second, hence 
the forecasting starts at 1 second. Despite this 
additional information, the LSTM network performs 
worse than the three best direct forecasting 
methods. Most likely this has to do with the limited 
number of cut-ins in the training set. Neural 
networks require more data than other methods for 
optimal performance. For this reason we decided to 
focus on the direct-recursive method instead. 
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Figure 4. The RMSE in the longitudinal distance as 
function of time for prediction using an LSTM neural 
network consisting of 4 neurons. 
 
Direct-recursive Support Vector Regression 
In the direct forecasting results the Support Vector 
Regression (SVR) algorithm shows the most 
promising performance. Here we show the results of 
using SVR as a direct-recursive hybrid forecasting 
algorithm: dr-SVR. For every prediction time step we 
train a separate SVR that takes as input the output of 
the previous time step. We trained four separate dr-
SVR models for prediction of the longitudinal 
distance, the lateral distance, the longitudinal speed 
and the longitudinal acceleration. The results of the 
vanilla dr-SVR were further improved by optimising 
the penalty term for misclassifications, the kernel 
scale and the error distance.  
  
Prediction error Figure 5 shows the prediction error 
in the longitudinal distance to the host vehicle, the 
lateral distance to the lane marker, the longitudinal 
speed and the longitudinal acceleration of the target 
car as function of time for the passenger car data, 
for both the optimised and non-optimised dr-SVR. 
For reference we also show the baseline model and 
the direct forecast of the SVR.  
 
The optimised dr-SVR outperforms all the other 
models, reducing the error with 48%, 26%, 44% and 
19% for respectively the longitudinal distance, lateral 
distance, speed and acceleration, as compared to 
the baseline model at a prediction horizon of 2 
seconds. The dr-SVR results show an improvement 
of around 30% compared to direct forecasting with 
SVR. 

 
Figure 5 The RMSE of the prediction of the longitudinal 
distance, the lateral distance, the longitudinal speed and 
the longitudunal acceleration with dr-SVR (both 
optimised and non-optimised) as compared to direct 
forecasting with SVR and the baseline model, for the 
passenger car dataset. 
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Figure 6. The RMSE of the prediction of the longitudinal 
distance, the lateral distance,  the longitudinal speed and 
the longitudunal acceleration with dr-SVR compared to 
the baseline model, for the truck platooning dataset. 
 
 

To validate the dr-SVR model for the intended 
application of truck platooning, we applied the 
trained model to 17 cut-ins from the truck 
platooning dataset, without re-training the 
algorithm. The truck platooning dataset does not 
contain information on the lane markers, therefore 
the model was changed in order to predict the 
relative position to the truck and not the lane 
marker. Figure 6 shows the RMSE of the forecast of 
the longitudinal and lateral distance to the host 
truck, the longitudinal speed and the longitudinal 
acceleration of the target car. The improvement of 
the dr-SVR model compared to the baseline is less 
evident, but still present, especially in the 
forecasting of the longitudinal distance and speed: 
the dr-SVR shows an improvement of the prediction 
of both the longitudinal distance and longitudinal 
speed of up to 15%.  
 
Prediction examples 
Figure 7 shows an example of a prediction for a 
typical cut-in. Although the speed during the cut-in is 
not far from a linear extrapolation, the dr-SVR is able 
to reduce the error in the prediction by predicting 
the non-linear behaviour correctly, especially from 
2.5 to 4 seconds. After 4 seconds, the error of the dr-
SVR prediction in the longitudinal distance is 1.5 m, 
in the lateral distance 0.25 m, in the longitudinal 
speed 0.05 m/s and in the acceleration 0.15 m/s2. 
 
In Figure 8 we show an example of an outlier where 
the prediction of the dr-SVR has large errors. This 
figure shows an a-typical cut-in where the target car 
accelerates after 2.5 seconds. This behaviour is not 
picked up by the dr-SVR, resulting in large prediction 
errors after 4 seconds. 
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Figure 7. Example of the prediction of the longitudinal 
distance, lateral distance, longitudinal speed and 
longitudinal acceleration for a typical cut-in in the 
passenger car dataset. The ground truth is shown in 
green, while the prediction is shown in red. 
 
 

 
Figure 8. Example of the prediction of the longitudinal 
distance, lateral distance, longitudinal speed and 
longitudinal acceleration for an outlier in the passenger 
car dataset. The ground truth is shown in green, while the 
prediction is shown in red. 
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DISCUSSION 
 
The results of this study show that in a typical cut-in 
the behaviour of the target car is well-approximated 
by linear extrapolation of the longitudinal speed. The 
dr-SRV is able to improve on this by predicting small 
non-linearities. This shows that the dr-SVR is a 
promising algorithm for behaviour prediction after a 
cut-in. However, the improvement of the dr-SVR in 
the prediction of outliers is small. The reason is the 
few training examples of a-typical cut-ins. In order to 
catch this behaviour, the algorithm needs to be 
trained on more of these cut-ins. Given the ability of 
the dr-SVR to predict small non-linearities in the 
behaviour, we expect a substantial improvement in 
prediction accuracy of outliers with more training 
examples. 
 
The trained dr-SVR generalises quite well to truck 
platooning data, although the prediction accuracy is 
less than for the passenger car data. This is due to 
the difference in cut-ins that occur when a 
passenger car merges with a truck platoon: the 
space for the manoeuvre is smaller, and usually the 
target car performs a cut-through manoeuvre to 
take an exit road on the highway. To include this 
kind of behaviour, the model should be trained with 
this kind of cut-ins as well. 
 
 
CONCLUSIONS 
 
The safety of truck platooning can be improved by 
predicting the behaviour of the surrounding traffic. 
In this study the potential of machine learning for 
the development of a cut-in prediction algorithm 
was determined. Our conclusions can be 
summarised as follows: 

• Linear extrapolation assuming a constant 
longitudinal speed predicts the behaviour in 
typical cut-ins well. Many direct forecasting 
methods and LSTM neural networks are not 
able to improve on this baseline. 

• The dr-SVR is able to accurately predict 
small non-linearities in the target car 
behaviour, thus improving the prediction 
accuracy of the linear benchmark. We 
expect that with more training data, the 
accuracy of predicting outliers will improve 
substantially. 

• The dr-SVR generalises well to truck 
platooning data, although the performance 

is expected to improve when more training 
data is available.  
 

For application of the cut-in prediction algorithm in 
the safety controllers of a truck platoon, the 
accuracy needs to be improved. Collecting more cut-
in data, especially outliers, to better train the dr-SVR 
model is one way of reducing the prediction error. 
Further improvement of the prediction is expected 
by taking the kinematics of the target into account. 
Instead of predicting the longitudinal distance, 
speed, and acceleration with separate dr-SVR 
models, the relationship between distance, speed, 
and acceleration can be taken into account to 
further improve the accuracy of the prediction. As a 
separate application we aim to extent the algorithm 
to include early prediction of cut-in intention: 
predicting a few seconds beforehand, when the 
target car is still in the other lane, that a cut-in is 
going to happen.  
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ABSTRACT 

Vehicle collisions with large animals constitute a high risk of serious or fatal injuries, for example in northern 
America, Europe and Japan. In Sweden approximately 5,000 car collisions with moose occur annually. The 
change of velocity and acceleration is in general very low, but the car structure is not designed for collision with 
large animals at high speed.  

The objectives were to evaluate occupant response and vehicle structure in crash tests; to investigate the factors 
involved in real-world fatal crashes in Sweden; and to evaluate the potential of Autonomous Emergency Braking 
(AEB) to increase moose car collision avoidance and survivability.  

Five crash tests were conducted with cars with different size and characteristics, such as glass and sun roof. A 
moose crash dummy was impacted at 70 km/h. The Swedish Transport Administration (STA) national database 
of fatal collisions was used to study fatalities (n=47) in collisions with moose during the period 2005-2016. The 
analysis focused on collisions where the primary cause of fatality was the collision with a moose. 

The crash tests showed that a moose collision could be survivable at 70 km/h with an acceptable distance to the 
header structure. None of the tested cars had an intrusion by the moose into the occupant compartment. The 
results of the in-depth data analysis showed that a critical factor for a fatal injury was whether the roof was partly 
or completely ripped off. Downward deformation of the front header structure was also critical together with A-
pillar deformation. In 24% of the accidents the moose was partly or completely trapped inside the occupant 
compartment. In 90% of the fatal collisions it was darkness or twilight. In more than 85% of the collisions, no 
evidence of braking could be detected prior to collision. All of the collisions occurred on rural roads and 83% of 
the fatalities occurred on roads with speed limits of 90 km/h or above. In eight accident scenes there were moose 
fences to prevent the moose to access the road. In those accidents, however, the fence was either damaged or had 
open sections. 

The analysis of road-side area showed that in many of the moose accidents the side view was enough to allow 
detection of the moose by an AEB sensor. A critical issue is the ability of the sensors to detect the moose in 
darkness. The study of the potential for AEB with moose detection was conducted under the assumption that 
night vision sensors are available, such as infrared sensors or light amplifying technique. With a threshold of 70 
km/h for car-moose collision survivability, the results of the analysis showed that AEB had a potential to save 
(~40%) 18 out of 47 lives. 

It is suggested that road fencing is preferable on roads with speed limits above 90 km/h, and below 100 km/h, 
moose AEB has a potential to avoid fatal moose crashes. 
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INTRODUCTION 

Yearly, the number of collisions with large animals 
is 1-2 million in the U.S. and one million in Europe 
(Niemi, Rolandsen et al. 2017). In Sweden, the 
number of moose vehicle collisions (MVCs) were 
5874 in 2016 (Nationella Viltolycksrådet 2015). 
During the last 10 years in average 5 fatalities occur 
annually due to MVCs in Sweden. 

Passenger cars are generally not designed to 
withstand an impact with a moose at higher speeds. 
MVCs entail high demands on the vehicle structure 
and are not included in standardized crash tests. 
They do not involve the main structure of the car 
front-end. In a MVC, the moose often directly hits 
the windscreen area, which is a weak part of the car 
structure (Björnstig, Bylund et al. 1984; Lövsund, 
Nilson et al. 1989; Williams and Wells 2005). The 
crash severity in terms of change of velocity is 
generally low in MVCs, typically 8-15 km/h even 
in high speed collisions (Jakobson, Lindman et al. 
2015). In this range, the probability of an airbag 
deployment is low (Hussain, Hannan et al. 2006). 
Moose crash tests with cars show that interior 
intrusion can be extensive (Krafft, Kullgren et al. 
2011; Jakobson, Lindman et al. 2015).  

In a number of real-life collisions, it can be 
observed that the moose has penetrated the 
windscreen and got trapped inside the car 
compartment (Williams and Wells 2005). In moose 
crash tests, the dummy typically rotate over the car 
without penetrating the passenger compartment 
(Krafft, Kullgren et al. 2011). The direct hit from 
the moose is an injury risk itself in case of intrusion 
into the occupant compartment. Severe head and 
neck injuries occur in contact with intruding roof 
structures and the moose body itself (Eriksson, 
Björnstig et al. 1985; Björnstig, Eriksson et al. 
1986; Farell, Sutton JR et al. 1996). 

The risk of hitting a moving moose crossing a road 
is influenced by vehicle speed, distance to the 
animal and light conditions. A number of studies 
support that MVCs usually occur on rural straight 
roads, with posted speed limit or higher, during 
dusk, dawn and night (Garret and Conway 1999; 
Joyce and Mahoney 2001; Williams and Wells 
2005; Langley and Higgins 2006; Rowden, 
Steinhardt et al. 2008; Sulivan 2011) and with 
sudden appearance of the moose (Williams and 
Wells 2005). Even in situations with open space 
along the road side, the headlights of the car at 
night have limited ability to light up a moose along 
the road side area. The risk of a MVC in Canada is 
shown to be 2-3 times higher at night than during 
any time of the day (Garret and Conway 1999; 
Dussault, Poulin et al. 2006). 

Studies of road factors such as posted speed limit, 
road surface, road alignment and presence of 

passengers are shown to influence the severity of 
injury (Joyce and Mahoney 2001; Seiler 2005). 

An effective intervention to reduce MVC is a fence 
aimed at preventing the moose to access the road. 
Studies has showed an accident reduction of up to 
80% on roads with such fences (Lavsund and 
Sandegren 1991). The use of road fencing has so far 
been prioritized on roads with high traffic density 
and with high posted speed limits. There are 
however drawbacks with fencing, such as 
installation and maintenance, costs and the risk of 
isolation of animals. Road fencing is therefore not 
the single solution on all kinds of rural roads. 

Moose detection sensors are still uncommon and 
detection in darkness at the side of the road still has 
limitations. The existing moose detection systems 
use the same sensors as pedestrian detection 
systems. Active Pedestrian Safety Systems (APSS) 
have different types of sensors, including cameras 
(mono and stereo), laser scanners, near and far 
infrared cameras, RADAR and LIDAR (Hamdane, 
Serre et al. 2014). Sensors are often combined. The 
ability of sensors vary in terms of field of view 
(FOV) and range vary with the brand and sensor 
type. Hamdane, Serre et al. (2015) modeled APSS 
with camera sensors with FOVs from 20° to 45°, 
and a camera range of 40 m. A powerful mono 
camera system is Volvo S60’s Collision Warning 
with Full Auto Brake and Pedestrian Detection 
(CWAB-PD), which uses a mono forward-sensing 
wide-angle camera mounted behind the windscreen 
(FOV 48° and range 60 m). 

The potential benefit of APSS in Volvo cars was 
recently tested by Vertal and Steffan (2016). If the 
vehicle speed was higher than 30 km/h they 
reported that the system could detect the pedestrian 
and reduce the vehicle speed if the movement of the 
pedestrian was smooth and predictable. Pedestrians 
without a reflective vest could be detected in good 
light conditions, and those walking at a speed up to 
7.5 km/h could be detected, while higher speeds 
were not tested (Vertal and Steffan 2016). The 
movement of moose is not well explored, but 
typically they have higher speed than pedestrians 
and therefore early detection is crucial to mitigate 
risks. The autonomous system reached deceleration 
of 10 m/s2, as did driver braking, and the car could 
achieve a car speed reduction up to 30km/h at the 
detection of the pedestrian (Vertal and Steffan 
2016). This is probably the least level of speed 
reduction needed for survivability of MVCs. 

The objectives were to evaluate occupant response 
and vehicle structure in crash tests; to investigate 
the factors involved in real-world fatal crashes in 
Sweden; and to evaluate the potential of 
Autonomous Emergency Braking (AEB) systems to 
increase moose car collision avoidance and 
survivability.  
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METHODS 

This study combines car crash testing and analyses 
of real-world collision data. The deformation 
patterns and accident kinematics from the crash 
tests were compared with the deformation 
characteristics in the real-world collisions. The 
analyses of the crash tests and the real-world data 
were used in the subsequent study of the potential 
of AEB systems to increase the survivability in 
MVCs. 

Crash test 

The crash tests were conducted with a large moose 
dummy which is developed for vehicle-to-large 
animal collisions (Matstoms 2003). Various types 
of cars were tested to investigate the influence of 
car design in crashworthiness. 

Five different car types were tested (Table 1). The 
test cars had various characteristics in terms of 
windscreen angle, sunroof and pre-crash distance 
between head and header structure (Figure 1). Car 1 
was chosen to investigate the influence of a 
sunroof. Car 2 had a large glass sunroof and also a 
relatively flat windscreen. Car 3 was the smallest 
class of cars. Car 4 had a more upright windscreen. 
Car 5, a MPV, had a large windscreen compared to 
other test vehicles. 

The measured pre distance between head and 
header structure is shown in Table 1. A HIII 50th 
male dummy was used on the driver’s seat and the 
head acceleration was measured. 

Crash tests were conducted with a moose dummy 
according to a test method developed by Swedish 
National Road and Transport research Institute, VTI 
(Matstoms 2003). The test speed was 70 km/h. 

Table 1. 
Crash test cars 

 

Test 
no Test vehicle 

Model 
Year 

Head 
distance 

to header 
structure 

(cm) 

Wind 
screen 
angle 

1 Volvo V70 2001 407 29 

2 Peugeot 407 2006 380 24 

3 Ford Focus 2005 362 27 

4 
Hyundai 
Santa Fe 

2001 396 35 

5 Opel Zafira 2000 412 29 

 

 

Figure 1. Distance between head and header 
structure 

Real-world collision data 

The accident data used in this study was in-depth 
data from Swedish Transport Administration 
including accident data from the police and rescue 
services, as well as on-scene observations by 
special accident investigation teams. The accident 
investigators regularly conduct extensive 
investigations in case of a fatal accident. Restrained 
and unrestrained car occupants of all ages (none of 
the occupants were younger than 20 years) involved 
in a fatal MVCs were selected for the analysis, in 
total 47 fatally injured car occupants in 46 
collisions (34 drivers, 12 front seat occupants and 
one rear seat passenger). The accidents occurred 
during 2005-2016 and included both collisions with 
moose and secondary impacts. However, the 
primary cause of death was established to be the 
collisions with the moose. 

AEB analysis 

In order to analyze the potential of reducing impact 
speed in moose collisions with AEB, a number of 
assumptions were made. 

1. The camera sensors 
needed for moose 
identification was 
assumed to detect objects 
in darkness and have a 
longitudinal range of 
60m and ±24° view angle 
(Figure 2). Except for 
pure night vision, this 
represent the 
performance level 
of today’s 
technology for 
pedestrian detection. This corresponds to a 
maximum side view distance of 26 m. 
(Coelingh, Eidehall et al. 2010; Hamdane, 
Serre et al. 2014). 

2. The camera sensor is able to detect moose in 
dark conditions with e.g. IR technology or light 
amplifier. 

Figure 2. Sensor performance 
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3. The speed of moose is assumed to be 15 km/h. 
4. The survivable impact speed in a modern car is 

70 km/h. 
5. AEB braking occurs during 1s when the time-

to-collision ≥1s. 
6. Mean deceleration for various road conditions. 

a. Dry – 0.9 g 
b. Wet – 0.7 g 
c. Snow – 0.3 5g 
d. Ice – 0.25 g 

The maximum lateral sensor distance was set 
according to the assumed performance of the sensor 
and reduced if there were obstructing objects along 
the roadside. For each accident case, the available 
lateral distance was measured 60 m in front of the 
car prior to impact. 

The impact speed was estimated by a series of 
expert evaluations, using witness information, 
deformation data, tire marks before impact and 
trajectory data after moose impact. 

AEB sensitivity analysis 

In the sensitivity analyses a range of values were 
considered for two input parameters: lateral vision 
distance and impact speed. 

Parameter samples were generated randomly with 
given distributions for each accident. 

The analysis was based on expert assessments of 
the car velocity at the time of the collision and the 
lateral vision distance. Sensitivity analyses were 
conducted to evaluate the effect of errors in these 
assessments. The following was assumed in an 
expert evaluations. Regarding impact speed, the 
errors had a normal distribution, with mean values 
per collision as assessed by the experts, and 95%- 
confidence intervals at +/-15 km/h of these means. 
In the case of lateral vision distance, the errors had 
likewise normal distributions, with means as 
evaluated by the experts and 95%-confidence 
intervals that were within +/-1 m of these means. In 
total, 10 000 random draws of speed and vision 
distance were implemented with the given 
distributions; subsequently, the number of cases 
resulting in a non-fatal collisions (<70km/h) was 
calculated per draw. Lastly, the 95%-confidence 
interval of the number of such successful outcomes 
was calculated. In each of the two sensitivity 
analyses, the other factor (impact speed and lateral 
distance) was kept constant.  

 
RESULTS 

Crash test 

The distance between the head and the header 
structure showed a variation of 5 cm between the 
best and the worst performing car. The variation of 
the remaining distance after the crash test did 
increase to 25 cm (Table 2). The HIC value was 

well below critical values. The SUV had the largest 
remaining distance between head and header 
structure (Table 2). 

Table 2. 
Head distance to header structure (cm) 

 

Test 
Head 

distance 
(cm) 

Remaining 
distance 

(cm) 
Head 

   
Acc3ms 

(g) 
HIC 
36 

1 41 2 42 73 
2 38 12 56 120 
3 36 5 44 127 
4 40 26 7 3 
5 41 15 93 440 

 
The crash test showed variation in roof tear from 0-
15 cm, the SUV had the lowest roof tear (Figure 3). 

Table 3. 
Teared roofline (cm) 

 

Test  Roof tear 
left 

Roof tear 
right 

1 Volvo V70 3 0 
2 Peugeot 407 24 15 
3 Ford Focus 17 7 
4 Hyundai Santa Fe 0 0 
5 Opel Zafira 8 10 

 

 
Fig 3. Peugeot 407            Fig 4. Ford Focus 

Fig 5. Volvo V70            Fig 6. Hyundai Santa Fe 

 
Fig 7. Opel Zafira 

Car deformation in real-life collisions 

Figure 8 shows the number of fatalities in relation 
to the car deformation characteristics. The three 
most important factors for a fatal outcome were the 
amount of roof tear and vertical deformation of the 
roof and whether the moose was trapped in the 
occupant compartment or not. A large portion of 
the fatalities (31/47) occurred in case of large roof 
tear and in combination with large vertical roof 
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deformation. Large roof deformation alone 
accounted for 10 fatalities. Downward roof 
deformation without roof tear was strongly 
correlated with deformed A-pillars. A trapped 
moose was most often (10/47) combined with roof 
tear and large vertical roof deformation. 

In all moose collisions in this dataset, the main 
contributing factor for a fatal outcome was a 
collision with a moose. However, a large number of 
collisions was followed by a secondary impact on 
the side of the road. In 32 of 47 collisions the car 
left the road and hit other objects on the side of the 
road (Table 4). 

Table 4. 
Number of fatalities with additional post 

collision 
 

Secondary collision Number 

Yes 32 

No 15 

Total 47 

 
Two fatalities were excluded from Table 5, one rear 
seat occupant and one driver in which the collision 
deformation was unknown. In the vast majority of 
the collisions (85%) there were major downward 
deformations of the front roof structure (Table 5). 

In collisions with major downward roof 
deformations and minor roof tear, a large portion of 
A-pillars had severe deformation, 57% (8/14). As a 
comparison 35% (9/26) of the collisions with major 
downward roof deformations a roof tear >10cm 
also had severe deformed A-pillars. 

In 23% (11/47) of the collisions the moose was 
trapped in the occupant compartment (Table 5). A 
trapped moose was not necessarily completely 
inside the passenger compartment. There were 
combinations of trapped moose in the car 
compartment; either trapped for a certain distance 
along the road and then thrown off the car, or 
trapped completely in the car compartment until 
stop. 

 

 
Figure 8. Number of fatalities divided into groups of roof tear along door frame, downward deformation 
of header structure and moose trapped. 
 
 
  

Unknown 
1 

No 
12 

Minor 
2 

Large 
10 

Yes     No 
0       2 

All fatalities in Sweden 2005-2016 
47 

Yes 
34 

Minor 
3 

Large 
31 

Roof tear 
34/47 (~70%) 

Roof deformation 
41/47 (~90%) 

Moose trapped 
12/47 (~25%) 

Yes     No 
1       9 

Yes     No 
1       2 

Yes     No 
10       21 
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Table 5. 
Roof tear on victims side/downward roof 

deformation & moose trapped – driver/front 
seat passenger (n=45) 

 
Number of front 
seat occupants 
Roof tear (cm) 

Roof 
deform. 
minor 

Roof 
deform. 
major 

Moose 
trapped 

Roof tear 0 2 11 1 
Roof tear 1-10 2 3 2 
Roof tear 11-30 0 3 1 
Roof tear 31-50 0 6 2 
Roof tear >50 1 17 5 
Moose trapped 1 10 11 
 
The results from the crash tests indicated a less 
lateral roof deformation on the car with sunroof. 
Table 6 shows a larger proportion of major roof 
deformation than cars without sunroof. 
 

Table 6. 
Roof downward deformation vs presence of 

sunroof 
 

Number of cars (n=45) Sunroof 
Yes            No 

Minor roof deformation 2 3 
Major roof deformation 5 35 
Total 7 39 

 
Road related parameters 

The most common MVC type was on a straight 
road with the moose coming from the right side 
(Figure 9). The large portion of fatal moose 
collisions from the right side (66%) may be 
explained by the difficulties to detect a moose from 
the right side compared to the left side. The most 
demanding situation is a collision in combination 
with overtaking at high speed and also with an 
obstructed view. Two collisions occurred during 
overtaking. 

 
Figure 9. Collision type and number of fatalities 
per collision type 
 
A large portion of fatal MVCs occurred during 
darkness or in twilight (Table 7). The drivers often 
found that the moose appeared very suddenly. This 

is reflected by the large number of fatalities with no 
braking prior to collision.  
 

Table 7.  
Number fatalities with pre impact braking and 

lighting condition 
 

Lighting condition 
Pre 
imp. 

braking 

No 
braking Total 

Daylight 2 3 5 
Twilight (Dusk/dawn) 0 8 8 
Darkness 5 29 34 
Total 7 40 47 
 
The majority of the fatal moose collisions occurred 
on 90 km/h roads (Table 8). In eight of the 
collisions the road side was equipped with a moose 
fence. But in all of those there were either damages 
to the fence, opening in the fence due to road 
conjunctions or fence termination. 

Table 8. 
Posted speed limit 

 
Speed limit 

(km/h) 
Moose fence 
Yes           No Total 

70 0 4 4 
80 0 4 4 
90 2 24 26 

100 3 3 6 
110 3 3 6 
120 0 1 1 

Total 8 39 47 
 
An analysis of available side view (Table 9) shows 
that more than 70% (34/47) of the accident scenes 
had an unobstructed view of 5 m or more.  

Table 9. 
Number of accidents with lateral unobstructed 

view 
 

Unobstructed view 
sensor 

Number 

0-2 m 5 
2-5 m 8 

5-10 m 15 
>10 m 19 
Total 47 

 
Potential reduction of collisions with 
AEB 

Assuming a survivable impact speed ≤70 km/h, 
Table 10 shows that AEB could prevent 18 
fatalities (~40%), and further 3 in combination with 
a modern designed car.  
 
 
 
 
 

n=9 n=29 

n=1 n=1 n=2 n=1 

n=1 n=0 n=1 n=1 
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Table 10. 
Potential of reducing impact speed below 

70km/h with AEB 
 

Number of fatalities Without 
AEB 

With 
AEB 

≤ 70 km/h 3 21 
> 70 km/h 44 26 
Total 47 47 

 
Sensitivity analysis  

The estimation of impact speed is difficult mainly 
because the relatively low crash severity and energy 
involved in a MVC. Also the measured lateral 
unobstructed view was associated with errors since 
it is partly measured from photos and satellite 
views. Therefore a sensitivity analysis was 
conducted to investigate the how these errors 
influence the AEB potential in saved lives. 

The 95%-confidence interval for the number of 
non-fatal outcomes with AEB with lateral vision 
distance kept constant was between 16-24 (Table 
11), assuming collision velocities with distributions 
of N(μv,15), where μv was the value in km/h per 
accident as assessed by a group of experts. 

Table 11. 
Sensitivity analysis ±15km/h impact speed, 95% 
CI, number of fatalities below 70km/h provided 

with 1s AEB 
 

Number of fatalities Without 
AEB 

With 
AEB 

≤70 km/h 3 16-24 
>70 km/h 44 23-31 
Total 47  

 
The 95%-confidence interval for the number of 
non-fatal outcomes with AEB with the impact 
speed kept constant was 20-22, assuming lateral 
vision distances with distributions of N(μd,1), 
where μd was the value in m per accident as 
assessed by the experts (Table 12). 

Table 12. 
Sensitivity analysis ±1m side area measure, 95% 
CI, number of fatalities below 70km/h provided 

with 1s AEB 
 

Number of fatalities Without 
AEB 

With 
AEB 

≤70 km/h 3 20-22 
>70 km/h 44 25-27 
Total 47  

 
 
DISCUSSION 

A comparison between the moose crash tests and 
the real-life collisions showed that the moose test 
dummy never was trapped in the passenger 

compartment while in 25% of the real-life 
collisions it was. A possible reason could be that 
the dummy construction with a number of rubber 
disks allows it to roll over the header structure. 
Other tests can confirm this behavior (Jakobsson et 
al. 2015). In real world the moose is more viscous 
(Nilson and Svensson 1986). 

A large part of the fatalities occur with a secondary 
collision into the road side area. The change in 
velocity in a MVC is typically 8-15 km/h (Krafft, 
Kullgren et al. 2011; Jakobson, Lindman et al. 
2015).  A high impact speed therefore gives a quite 
large remaining speed and a secondary impact can 
be quite severe. In a MVC the driver has limited 
maneuver capability and the data in this paper 
contained examples of cars travelling uncontrolled 
more than 200 m after the moose collision. There is 
therefore a need to investigate those moose 
collisions that are not fatal in the first impact but 
lead to severe secondary impacts. 

Moose detection sensors for autonomous braking 
need a certain distance of unobstructed view to 
detect a moose in the side area. This is analyzed in 
this study but there are special circumstances that 
do not appear when detecting e.g. vehicles or 
pedestrians. The detection is sometimes done by a 
radar sensor in combination with cameras in the 
windscreen. Moose collisions, which not seldom 
occur on rural roads equipped with guard rails, can 
be a problem for sensors. Guard rails may obstruct 
sensors in the lower part of the vehicle front end 
which is a common place for radar sensors. The 
cameras in the windscreen are not as sensitive for 
obstructing guard rails. This analysis did not take 
into account the obstruction by guard rails. 

Since a vast majority of moose collisions occur in 
darkness, the animal detection with today’s camera 
technology is not possible without additional light. 
In this study it was assumed that the technology has 
the possibility to detect the moose as long as there 
are no obstruction and a range defined by the 
performance of today’s AEB cameras. 

Out of 47 fatalities, 7 occupants were unbelted. One 
study by Timothy M. et al. (1996) shows that seat 
belt use is associated with reduced injury in MVCs. 
However the crash severity in MVCs is generally 
low, typically 5-15 km/h shown in studies based on 
crash recorder data (Krafft, Kullgren et al. 2011). 
The same crash recorder data also showed less than 
10% risk for MAIS2+ injuries at a change of 
velocity of 15 km/h (Stigson, Kullgren et al. 2012). 
Therefore the seat belt use probably has limited 
effect on the fatality outcome in the accidents 
included in this study. 

A conclusion shared by others (Björnstig, Bylund et 
al. 1984) is that the head to header structure 
distance is one of the most important factors 
influencing the injury risk in MVCs. Direct contact 
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with the moose body itself as well as interaction 
with deformed roof structures (Jakobson, Lindman 
et al. 2015) are important factors and they all target 
the strength of the header structure and roof area. 
Since the change of velocity is low in those crashes, 
the most important issue is to not allow high speed 
intruding surfaces in order to avoid the occupant 
head. If the construction of the car can deal with a 
moose up to approximately 70km/h, a large part of 
remaining crashes can be mitigated with either 
technical car systems or moose fence. 

There are few studies that describe the fatality risk 
in MVCs with regard to impact speed. Speed limit 
is an indicator of survivable impact severity but 
variations in average speed during the day, with 
higher speeds at night (Lundström and Routsalainen 
2008), making it an inadequate severity parameter. 
The chosen threshold for survivable MVCs at 70 
km/h is supported by a study from New Foundland, 
which shows that the risk of severe injuries was 2 
times higher in speeds of 80 km/h or higher (Joyce 
and Mahoney 2001). The cars used in the crash test 
were, however, not from the last generation of cars. 
The crash test cars were model year 2000-2006. 
The average model year from the real-world data 
was 2001. It is reasonable to believe that the 
survivable speed in MVC has slightly increased for 
a modern car. A survivable speed of maybe 75 
km/h instead of 70 km/h would in this study 
increase the effect of an AEB system. 

Ungulate studies from US, Australia and Sweden 
(Langley and Higgins 2006; Rowden, Steinhardt et 
al. 2008; Jakobson, Lindman et al. 2015) confirm 
the accident pattern with darkness and animals 
appear suddenly together with interaction up on the 
car body. The findings from these studies are also 
that although the car construction can be improved, 
this accident type put demands on the car in high 
speed MVCs. 

The potential in saved lives in MVCs with night 
vision AEB is much dependent on the road side 
area. On unfenced roads the road authorities need to 
secure the side area even from lower vegetation to 
achieve an unobscured visibility for the sensors.  

Despite its effectiveness, road fencing is not the 
single solution on all kinds of roads. On roads with 
lower traffic density it is too costly to cover the 
road side with moose fences. There are also 
disadvantages associated with fencing. Fencing 
increases the isolation of wildlife and may become 
ineffective when animals are determined to cross a 
road, force the barrier and eventually get trapped 
inside the fenced corridor (Nilsson 1987; Seiler, 
Cederlund et al. 2003). There is consequently a 
need for a shared responsibility among the road 
authorities and car manufacturer’s. MVCs on roads 
with lower speed limit have to be solved by 
improved car design. MVCs in higher speeds can 

be mitigated by Autonomous Emergency Braking 
or road fencing.  

Limitations 

In this analysis of real-world collisions an 
assumption was made regarding the speed of a 
walking moose. There is almost no data which 
explain the moving pattern of a moose moving over 
a road. The assumption was made that the moose 
was moving at constant speed at all times unless 
otherwise was obvious from the data. 

Since the deformed energy on the car is quite small 
in MVCs, typically 5-15 km/h in delta-V, it is 
difficult to determine the true impact speed. The 
spread in judgement can of coarse be greater than 
±15 km/h in real life but can be seen as an approach 
to evaluate the potential of a night vision AEB. 

The weight of the moose was not known which 
influence the judgement of the impact speed as 
well. 

Unobstructed view for sensors is not only a matter 
of obstruction from objects along the road. In many 
situations the side areas can be designed with 
positive or negative slope along the roadway. This 
study have not taken into account, limitations of 
sensor range in lateral direction. 

A limitation is that the car collision safety for 
moose collisions is not included. Although newer 
cars may offer better crash performance in moose 
collisions, there is only limited knowledge of the 
effect of improved car roof design on fatally injured 
occupants.  

CONCLUSIONS 

Results based on crash test 

• Dummy head acceleration was not exceeding 
lethal levels in any tested car which indicates 
that 70km/h is survivable in moose car 
collisions in a modern car. 

• Larger head distance to header indicates a lower 
injury risk. 

• The variation in roof deformation shows a 
potential to construct the roof with the purpose 
to maximize remaining distance between head 
and roof in moose car collisions. 

Results based on real-world collision data 

• The most common moose car collision occurred 
on a 90km/h straight dry or wet road and in 
darkness, and the driver did not brake prior to 
impact. 

• Night vision AEB has the potential to reduce 
approximately 40% of moose car collisions in 
Sweden. 

• It is suggested that road fencing is preferable on 
roads with a posted speed limit above 90 km/h, 
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and below 100 km/h, moose AEB have a 
potential to avoid fatal moose crashes.  
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ABSTRACT 
 
The National Highway Traffic Safety Administration (NHTSA) contracted the development of the THOR (Test 
Device for Human Occupant Restraint), an advanced frontal impact 50th percentile male Anthropomorphic 
Test Device (ATD), i.e. THOR-50M. The THOR-50M ATD incorporates substantial improvements in biofidelity 
and measurement/injury prediction capability compared to the current Hybrid III 50th dummy in NHTSA 
regulation.  Because the available data demonstrates that safety concerns for small females differ from those 
of mid-sized males, the THOR 5th Percentile Female ATD (THOR-05F) is now being designed to provide improved 
biofidelity compared to the Hybrid III 5th Female ATD. 

This paper presents the latest design of the THOR-05F ATD being developed. This THOR-05F design, while based 
on the THOR-50M design concepts, also includes changes and new concepts to the head, neck, shoulder, 
thorax, abdomen, pelvis, and extremities. In general, these changes are incorporated in order to improve the 
manufacturability and usability of the dummy, to better comply with the most up to date anthropometry 
specifications, and also to meet updated biofidelity requirements. 

Design changes to the THOR-05F head and neck were incorporated to improve manufacturability and usability. 
The shoulder structure was redesigned to meet the anthropometry specifications and reduce the complexity 
for manufacturing, while retaining the appropriate joint configuration and range of motion. A range of motion 
limiter was added to the design of the lower thoracic spine pitch adjustment joint to prevent the dummy upper 
torso from falling over during assembly/disassembly and pitch adjustment operation. Abdomen pressure 
sensors were designed into the dummy to replace the abdomen IR-TRACCs, to address potential durability 
issues for the expected use of the small female dummy (e.g. in a rear seat environment), and to provide an 
alternative way to predict submarining and abdomen injury. The pelvic bone was designed in accordance with 
a statistical representation of a 5th percentile female pelvis, resulting in more accurate anthropometry 
compared with the Hybrid III 5th female pelvis. The arms were redesigned to better represent the human 
anthropometry and the flesh cutout cavity for bone insert was reduced to minimize the metal bone joint 
exposure. The leg design was revised to improve its anthropometry and handling. A molded shoe was 
integrated into the foot design to minimize the mechanical response variance of the shoes purchased from the 
market. Accommodations for optional in-dummy DAS were included in the ATD design. Finite element analysis 
was carried out for the ankle joint to optimize the design. In addition, lessons learned from THOR-50M program 
were taken into considerations throughout the design process.  

In conclusion, this paper presents the design of a new THOR-05F dummy being developed to address the safety 
needs of the small female population. Prototype fabrication, biofidelity evaluation, and certification testing 
are planned and results will be presented in the future. 
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INTRODUCTION 

The National Highway Traffic Safety 
Administration contracted development of the 
THOR, an advanced frontal impact 50th 
percentile male ATD (THOR-50M). The THOR-
50M ATD incorporates substantial 
improvements in biofidelity and 
measurement/injury prediction capability 
compared to the current Hybrid III 50th 
percentile male ATD in NHTSA regulation. 
Following the THOR-50M, the development of 
a small female ATD to predict and mitigate 
frontal impact injuries to small female 
occupants was undertaken. Statistical study of 
injuries in the field shows that female injuries 
differ from a male due to the female’s small 
size and low mass, which changes how the 
female interacts with restraint systems (Bose 
et al 2011, Kahane 2013 and Parenteau et al 
2013). Specifically, females have a higher risk 
of belt and airbag sourced injuries (Parenteau 
et al 2013). In order to reduce the injury risk 
for the small female occupant, an advanced 
small female ATD known as the THOR 5th 
percentile female (THOR-05F), based mainly 
on the design concepts introduced in the 
THOR-50M, is being developed. 

The first THOR-05F prototype was fabricated 
and tested more than a decade ago (McDonald 
et al 2003). No additional changes were made 
to the dummy since that time.   Though, many 
improvements have been incorporated into 
THOR-50M. In September 2015, NHTSA 
awarded Humanetics Innovative Solutions 
(referred as Humanetics thereafter) a contract 
to build three THOR-05F female ATDs with 
improvements adopted in the THOR-50M. This 
paper describes the resulting THOR-05F 
design.   

METHODS 

Reed et al 2013 compared the anthropometry of 
current ATDs with the US adult population. The 
UMTRI AMVO 5th percentile female (Robbins 
1983) represents the stature and body mass 151 
cm and 48.2 kg, which is very close to the current 
civilian average 5th percentile female with 151 
cm stature and 50.3 kg body weight. Although 
the body weight increased by 2.1 kg, UMTRI 
AMVO 5th is still the most representative 
anthropometry data for automotive occupants, 
and was selected as the primary anthropometry 
specification for this dummy design.  Autodesk 
Inventor was used for THOR-05F CAD design. 
The complex flesh geometry was developed 
with Geomagic®, converted to Autodesk 
Inventor format and assembled in the THOR-
05F CAD design. The designs were finalized 
through discussions between Humanetics and 
NHTSA and all final decisions were made by 
NHTSA. Body segment mass, center of gravity 
and mass of moment inertia were measured in 
Autodesk Inventor against the design 
specification. 

RESULTS 

THOR-05F design is summarized in this section, 
including head, neck, thorax/shoulder, 
abdomen, pelvis, arms, legs and feet. 

Head Design 

The head design is similar in concept to the 
THOR-50M. The skull and the facial plate were 
combined to reinforce the structure (See Figure 
1).  

 
THOR-50M concept THOR-05F 
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Figure 1. THOR-05F head design 

The THOR-05F design has three linear 
accelerometers at the head center of gravity 
location and three angular velocity sensors 
aligned with the head coordinate orthogonally 
(See Figure 2). In addition, three redundant 
linear accelerometers were designed in the head 
as options for the users. A tilt sensor is also 
included. 

 

 

Figure 2. THOR-05F head sensor configuration 

Neck Design 

The neck design concept differs from THOR-
50M, and has been described previously as the 
“beta neck” (Martin et al 2009). Instead of 
having a concentric rubber segment, the design 
was laid out in a “stairway” style, with elliptical 
rubber elements of varying cross-sections (See 
Figure 3).  

 

Figure 3. THOR-05F neck design 

The upper and lower neck load cells were 
redesigned to improve manufacturability. The 
lower neck load cell still offers the same handling 
ability in assembly/disassembly as THOR-50M, 
i.e. the load cell can be removed without 
disassembling the whole neck. It provides the 
users convenience to remove the load cell for 
calibration or swap out load cells when 
necessary. The T1 accelerometer block was 
designed to be in the mid-sagittal plane (See 
Figure 4) to avoid the offset mounting location in 
THOR-50M. 

 

Figure 4: Lower neck load cell design 

A few other minor changes were implemented in 
the THOR-05F head-neck interface. These 
changes include integrating the neck spring cable 
retainer into the neck spring tube, replacing the 

3 linear accels, 3 ARS & 3 
redundant linear accels 

Front View Rear View 

T1 Accel 
Mount 
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rear roller custom-made pin with a standard 
shoulder bolt and implementing the tilt sensor 
mount into the top neck bracket (See Figure 5). 

  

Figure 5.  THOR-05F head-neck interface design 

Shoulder Design 

Clavicle geometry was critical for vehicle 
shoulder belt engagement from the THOR-50M 
test experience. The clavicle geometry defined 
for the THOR-05F was based on the statistical 
shape model of the clavicle developed by Lu et al 
2013 (See Figure 6). 

 

Figure 6. Overlay of THOR-05F clavicle and 
statistical shape model defined in Lu et al 2013. 

The shoulder design uses the same concept as 
THOR-50M SD-3 that was presented by Lemmen 
et al 2013. The geometry of the components was 
simplified to reduce the manufacturing 
complexity. A one-piece shoulder pad was 
designed to improve the continuity and coupling 
with the shoulder skeletal structure (See Figure 
7). The shoulder pad is made of a thermoset 
plastic material that is very durable. 

  

 

Figure 7. THOR-05F shoulder design 

Upper Extremity  

A humanlike shoulder joint offset was 
introduced into the humerus design to address 
the “jamming” effect between upper arm and 
the lateral side of the chest - upper arms were 
pushed outward because of the incorrect upper 
arm bone position in the arm flesh. The 
anthropometry and the THOR-05F design is 
shown in Figure 8. 

Figure 8. THOR-05F humerus design 

The Hybrid III and THOR-50M have the elbow 
joint at the center of the elbow surface shell, 
which is not humanlike. The elbow joint was 
redesigned to have the elbow pivot joint located 
to the UMTRI AMVO 5th percentile female elbow 
joint landmark, which is close to the bottom of 
the elbow, while maintaining the structure of the 
elbow within the AMVO 5th shell. 

Left shoulder joint Shoulder pad 
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Figure 9. THOR-05F elbow joint design 

 

Thorax Design  

The ribcage design concept is similar to THOR-
50M with seven ribs. The bottom four ribs are 
configured parallel at 52.9 degrees relative to 
the back of the torso, which was derived from 
Kent et al 2005. The upper three ribs were 
spaced to cover the cavity (Figure 10). 

 

Figure 10. THOR-05F ribcage layout 

Tylko et al 2006 showed that the breast position 
has significant influence on the interaction 
between chest jacket and shoulder belt in the 
Hybrid III 5th ATD. To address the breast location 
variance in testing, the sternum and the breast 
were integrated together to improve the 
repeatability of the breast position in assembly 
(See Figure 11). The sternum is made of hard 
plastic and the breast is made of soft 
polyurethane.  The thorax will be covered by a 
neoprene jacket, similar to the THOR-50M, with 
no foam inserts or pockets. 

 

Figure 11. THOR-05F sternum/breast design 

Range of motion limiters (See Figure 12), were 
added to the lower spine joint design, which are 
intended to prevent the dummy upper torso 
from falling over in assembly/disassembly and 
pitch adjustment operation. 

 

Figure 12. Lower spine joint range of motion 
limiter 

 

Pelvis Design  

A statistical 5th percentile female pelvis model 
was recently developed by Klein et al (2016a, 
2016b). The study provides geometry for the 
small female predicted using a new statistical 
pelvis model that is parameterized by age, body 
mass index and bispinous breadth (See Figure 
13). This new pelvic bone geometry was 
integrated into the UMTRI AMVO 5th percentile 
female in CAD by aligning the hip joints and 

Range of motion 
limiter 
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visually best match the anterior superior iliac 
wing (ASIS) landmarks (See Figure 14). 

  

Figure 13. Statistical pelvis model generated by 
Klein et al (2016a, 2016b) 

 

Figure 14. Pelvic bone model and UMTRI AMVO 
5th percentile integration 

The ATD pelvic bone design was modeled to 
follow the geometry of this female bone 
geometry. Material was added to the inner 
cavity of the pelvic ring to reinforce the pelvic 
bone for strength requirement in ATD testing 
and the outer geometry is preserved.  

The pelvis flesh geometry in the UMTRI AMVO 
study is in a compressed condition. However, an 
uncompressed pelvis flesh is desired for ATD 
design. Todd et al 1994 studied the buttock 
compression for patients sitting in wheelchair. A 
finite element model was developed to predict 
the flesh compression in such condition. The 
model was validated with volunteer data in 
supine position. The predicted female buttock 
tissue compression is approximately 30 mm in 
the seated position. 

When the buttock flesh is compressed, the pelvis 
bulges and its breadth becomes wider than that 
in the uncompressed condition. To estimate the 
uncompressed pelvis breadth for UMTRI AMVO 
5th female, the pelvis breadth ratio between the 
compressed and uncompressed conditions is 

desired, but not available. The ratio between the 
standing and sitting hip breath from ANSUR 1988 
data (Gordon et al 1998) was used to derive the 
ratio. The ratio was then applied to UMTRI 
AMVO to calculate the uncompressed pelvis 
breadth. The pelvis breath of ANSUR 1988 in 
sitting posture represents the compressed 
condition, and that in standing posture 
represents the uncompressed condition. It is 
assumed the bulging ratio in ANSUR and UMTRI 
AMVO are similar. The uncompressed pelvis 
flesh for the THOR-05F ATD was developed with 
this derived target pelvis breadth and 
compression. 

Table 1. Pelvis breadth estimation for 
uncompressed pelvis flesh 

 ANSUR 
1988 

UMTRI 
AMVO 

 Compressed Sitting 
366.8 mm 

Sitting 
380 mm 

Uncompressed Standing 
341.8 mm 

Standing 
(calculated)  
356 mm 

 

Abdomen Design  

Abdomen Pressure Twin Sensors (APTS) were 
originally developed for the Q dummies (EEVC 
Report 2016). The development showed that the 
pressure sensors can be used as alternative to 
predict the abdomen injuries and submarinning 
together with the Anterior Superior Iliac Spine 
(ASIS) load cells. These are being implemented in 
the THOR-05F design (See Figure 15). In addition, 
replacing abdomen IR-TRACCs with APTS sensors 
will eliminate potential damage to the IR-TRACCs 
if subjected to large magnitude abdomen 
compression under lap belt loading during 
submarining.  APTS sensors were designed for 
submarining prediction and are durable under 
this type of loading.  
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Figure 15. Abdomen pressure twin sensors 
design in THOR-05F 

Abdomen design was split into upper and lower 
abdomen to facilitate the assembly/disassembly 
of the sensors and abdomen. The steering wheel 
and rigid bar probe impact locations for 
biofidelity/qualification tests were reviewed to 
ensure the impact does not occur at any gap or 
split (See Figure 16). 

 

Figure 16. THOR-05F upper and lower abdomen 
split line (upper abdomen has grids in red 
color).  Impact locations for various biofidelity/ 
qualification tests are called out. 

Knee Thigh Complex 

 

Figure 17 THOR-05F Knee Thigh Complex Design 

The knee thigh complex design is similar to the 
THOR-50M (see Figure 17). The plunger of the 
compression element in THOR-50M design failed 

in severe test conditions (See Figure 18). The 
rubber compression element assembly 
orientation was flipped to place the weak point 
closer to the knee (small bending arm yields 
smaller bending moment when loaded at knee) 
to mitigate the failure. The stress analysis shows 
the current design would survive at the load 
higher than the femur load cell capacity. 

 

Figure 18 Failure of THOR-50M femur plunger shaft 

The knee design is the same as THOR-50M. 

Lower Extremity Design  

The original FLX (Shams et al 2002) was 
developed prior to 2002 and was never a scaled 
down version of the THOR-50M leg (THOR-LX).  
Following the design of the FLX after 2002, 
NHTSA identified issues with repeatability, 
durability and reproducibility.  Since that time, 
considerable attention has been given to 
updating the THOR-50M leg, but no revisions 
have been made to the original FLX design.  
Therefore, in conjunction with the current 
design of the THOR-05F, it was desired to 
substantially revise the FLX design to incorporate 
lessons learned from the THOR-50M leg. The 
design presented in this paper reflects the 
knowledge gained from THOR-LX efforts.  The 
THOR-05F lower leg design has the same concept 
as THOR-50M. It was repackaged to fit into the 
UMTRI AMVO 5th percentile anthropometry. 
The shoe was derived from the scanned 
geometry of MIL Specification 7.5W female shoe 
used in Hybrid III 5th ATD. A new foot bone was 
shaped to better represent a human metatarsal 

Nusholtz et al 1994 
(L2 level) 

Cavanaugh et al 1986 
(L3 level) 

L2/L3 joint 

Weak Point 
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(Figure 19). An optional instrumentation 
package with tilt sensors, angular rate sensors, 
and accelerometers were designed into the ATD 
foot (See Figure 20).  

 

Figure 19. THOR-05F foot bone shape 

   

Figure 20. THOR-05F leg and foot design 

The Achilles spring damper system was 
restructured so that it is a standalone module for 
assembly (See Figure 19). The attachment 
screws are oriented in an angle that allows 
disassembly of the whole module as a unit. Two 
sets of accelerometer mounting holes were 
designed into the tibia to accommodate the 
most commonly used accelerometers. The upper 
tibia bumper was integrated into knee clevis to 
meet the anthropometry requirement. 

 

Figure 21. Tibia design featuring Achilles spring 
damper system (right) 

 

Ankle Joint Simulation  

A finite element (FE) model was developed and 
used to analyze the response of the ankle joint 
and optimize the mechanical design. In the 
analysis, the torque cylinder contribution, 
bumper shape, material stiffness and rubber 
friction were studied to find a combination that 
has the best biofidelity. In all analyses, the range 
of motion of the ankle joint was prescribed as 
the input. The biofidelity of THOR-05F inversion 
and eversion was scaled from specifications 
defined in Funk et al 2002. 

Torque cylinder analysis 

The THOR-50M design has torque cylinders, 
which consist of four round rubber rods, which 
are compressed into the corners of cavities 
formed by an outer square housing and a shaft 
with square end (See Figure 20). 

 

Figure 22. Torque cylinder design around the 
pivot shaft of the ankle joint 

FE analysis was carried out with and without the 
torque cylinder.  It was shown that the torque 
cylinder contribution to the ankle joint response 
was insignificant for both eversion and inversion 
(See Figure 21 and Figure 22, respectively). 
Based on this analysis, the torque cylinder 
feature was removed to reduce the ankle design 
complexity. 

torque 
cylinder 
rubber 
element (4x) 
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Figure 23. Eversion moment vs rotation 
comparison with and without torque cylinder, 
overlaid upon the upper and lower bound of the 
biofidelity corridor 

 

Figure 24. Inversion moment vs rotation 
comparison with and without torque cylinder, 
overlaid upon the upper and lower bound of the 
biofidelity corridor. 

Ankle bumper analysis 

The FE analysis was conducted for the ankle 
bumper design. Two materials were used for the 
analysis (See Figure 23).  

 

Figure 25. Material properties used for the 
bumper design analysis 

The FE analysis showed the original bumper 
shape design has high local stress and it bottoms 
out at 25 degrees in inversion and 30 degrees in 
eversion, shown in Figure 24 and Figure 25 
respectively.  

 

 

Figure 26.  Inversion response of ankle finite 
element analysis 

 

Bottoming out 
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Figure 27. Eversion response of ankle joint finite 
element analysis 

In addition, it was noticed that the original 
ankle bumper was pushed out and contacted 
the potentiometer housing (See Figure 26). 

  

Figure 28. Bumper contacts the pot housing in 
ankle joint inversion rotation of the original 
ankle design 

Ankle Joint Design 

To address the issue observed from the analysis, 
the ankle joint was redesigned to 1) eliminate 
high local strain in the ankle bumpers by 
redistributing the strain evenly in the new 
bumper design 2) remove the torque cylinder, 
which has insignificant contribution to the ankle 
stiffness, and 3) to reduce the size of the ankle 
mechanical design to better conform to 

anthropometry specifications. To eliminate the 
localized high strain, a radial bumper (See Figure 
27), was designed so that the strain will be 
uniform throughout the bumper when 
compressed. Due to the removal of the torque 
cylinders, the ankle joint package size is reduced 
significantly (See Figure 28). 

  

Figure 29: The redesigned THOR-05F ankle 
bumper with (left) and without (right) torque 
cylinders 

 

Figure 30. Final ankle joint design without torque 
cylinders. 

Friction Study 

Friction between the rubber bumper and its 
compressing part was studied. Comparison 
between friction coefficients 0.3 and 0.6 shows 
that for the original design, there was little 
difference until about 25 degrees of rotation, at 
which point the response with higher friction 
increased in stiffness relative to that with lower 
friction (See Figure 29). For the final design, no 
difference was observed through the whole 
range of motion (See Figure 30). Most likely, in 
the original design, when the bumper bottoms 
out, the contact area increased and caused the 
noticeable change in result. Because the final 

 

Bottoming out 

Pot house 

Deformed 
bumper 
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design eliminated the high local stress, the 
friction contribution was insignificant and 
consistent throughout the range of motion. 

 

Figure 31. Friction study for original design with 
friction coefficients 0.3 and 0.6. 

 

Figure 32. Friction study for the final design with 
friction coefficients 0.3 and 0.6. 

Material Stiffness Study 

Using the final ankle joint design, two rubber 
materials with different stiffness were analyzed 
with FE (See Figure 33).   

 

Figure 33. Rubber material properties for 
stiffness sensitivity FE analysis 

The eversion responses are above and below the 
biomechanical response requirements (See 
Figure 32), demonstrating the ability to tune the 
response to meet biofidelity specifications. The 
response in inversion, which is less stiff than the 
eversion response, was less sensitive to the 
materials stiffness change (See Figure 33). The 
final material stiffness will be adjusted and 
determined in prototype testing.  

 

Figure 34. Inversion responses of the final ankle 
joint design with different material stiffness 
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Figure 35. Eversion of the final ankle joint 
design with different material stiffness 

Mass, Center of Gravity and Mass of Moment 
Inertia 

The mass and center of gravity of the THOR-05F 
were designed to match the UMTRI AMVO 5th 
percentile female specifications. The details are 
summarized in Appendix 1. Each segment mass 
was calculated in CAD in accordance with the 
UMTRI AMVO body segmentation planes. ATD 
parts were cut virtually in CAD in order to allow 
comparison with UMTRI AMVO 5th female 
specifications. This is for design purpose only and 
cannot be realized in actual ATD parts without 
cutting the physical dummy part. 

THOR-05F design can be configured with up to 
168 instrumentation channels (see Appendix 2 
for available instrumentation). The design 
incorporates 15 load cells. The facial load cell, 
femur load cell and Achilles load cells are shared 
with THOR-50M and the remaining 12 load cells 
are new designs. The load cell capacity is 
summarized in Appendix 2. 

In-dummy data acquisition system (DAS) was 
taken into consideration in design. Structural 
replacements for all DAS and related electronics 

were implemented in ATD design, along with 
necessary cavities for cable routing. 

The testing and evaluation plan includes 24 
different tests for biofidelity, which include 
pendulum, linear impactor, quasi-static and sled 
tests. The biofidelity tests are summarized in 
Table 15 of Appendix 3. The biofidelity ranking 
(BioRank) will be calculated according to Rhule 
et al 2013. The biofidelity requirement is to 
achieve a BioRank score of 2.0 or less for each 
body region (head, neck, thorax, shoulder, 
abdomen, knee/thigh/hip, lower leg). First, the 
BioRank score will be calculated for each 
required response measurement. Then for each 
test condition, the BioRank scores for the 
required response measurements will be 
averaged to obtain a Test Condition BioRank 
score (TCBR score).  For each body region, the 
TCBR scores will then be averaged to obtain a 
Body Region BioRank score (BRBR score). Criteria 
are also divided into primary and secondary 
specifications. Primary specifications must be 
met according to the BioRank or alternative 
requirements. 

Qualification tests are to be developed starting 
from the THOR-50M qualification procedures, 
with modifications as necessary to account for 
geometry and instrumentation unique to the 
THOR-05F design. The evaluation results will be 
analyzed and presented in the future. 

CONCLUSIONS 
 
The THOR-05F ATD was designed to represent a 
5th percentile female occupant for vehicle safety 
development. The design used the same 
concepts as THOR-50M to keep the similarity of 
the design as part of the THOR ATD family. 
Changes were incorporated from lessons 
learned in the development and implementation 
of the THOR-50M, plus female-specific body 
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features. Unique features of the THOR-05F 
design include combined skull and facial load cell 
mounting plate, integrated sternum-breast 
design to improve breast position accuracy, 
spine adjustment joint range of motion limiter, 
abdomen pressure twin sensors to replace 
abdomen IR-TRACCs, female-specific pelvic bone 
geometry, redesigned ankle joint to improve 
durability and repeatability, human-like 
metatarsal representation in foot design, 
humerus offset at the shoulder joint , and many 
other small items related to assembly and 
handling. The design was released for 
prototyping to evaluate the durability and 
biofidelity. The evaluation results will be 
presented in the future. 
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Appendix 1 Mass, Center of Gravity and Mass Moment of Inertia 

The body segment mass is shown in Table 2. As mentioned before, the segment planes correspond to that 
in UMTRI AMVO 5th percentile female. It is not applicable to the physical dummy unless the physical 
dummy parts are sectioned. 

Table 2: THOR-05F body segment mass 

Body Segment UMTRI AMVO 5th 
 

THOR-05F 
Head (kg) 3.70 3.72 
Neck (kg) 0.6 0.765 
Thorax (kg) 12.98 12.54 
Abdomen (kg) 1.61 1.61 
Pelvis (kg) 6.98 6.61 
Upper Arm 

 
1.12 1.12 

Forearm and 
  

1.14 1.14 
Upper leg (kg) 5.91 5.91 
Lower leg (kg) 2.36 2.36 
Foot [i] (kg) 0.64 1.07 
Shoe [ii] (kg) 0.37  
Jacket [iii] (kg)  0.64 
Total (kg) 48.95 49.09 

 
[i] UMTRI is barefoot, CAD Design has the foot and shoe combined. 
[ii] Shoe mass was derived from scaling of THOR-50M molded foot and shoe, not an UMTRI Specification. 
[iii] Estimated from SID-IIs jacket mass. 
 
The head mass, CG and MOI are summarized in Table 3. The components included in calculation in CAD 
is shown in Figure 34. 

Table 3. THOR-05F head mechanical properties 

Head Assembly UMTRI AMVO 5th THOR-05F 
Mass (kg) 3.70 3.72 

Head Length, L (cm) 18.3 18.4 
Head Breadth, B (cm) 14.5 14.68 
Head Height, H (cm) 20 20 

CG, relative to OC, x (mm) 5 6.5 
CG, relative to OC, z (mm) 59 54.7 
Segment MOI, Ixx (kg-cm2) 146.2 147.6 
Segment MOI, Iyy (kg-cm2) 172.9 162.5 
Segment MOI, Izz (kg-cm2) 131.7 101.9 
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Figure 36. Parts included in head mechanical property calculation 

The neck mass, CG and MOI are summarized in Table 4 and the parts included in the calculation is in 
Figure 35. 

Table 4. Mechanical properties of the neck 

 UMTRI AMVO 5TH THOR-05F 
Mass (kg) 0.6 0.765 

CG, relative to OC, x (cm) -17 -5.8 
CG, relative to OC, z (cm) -59 -45.4 

Segment MOI, Ixx (kg-cm2) 6.1 17.8 
Segment MOI, Iyy (kg-cm2) 9.5 19 
Segment MOI, Izz (kg-cm2) 10.3 3.5 

 

Figure 37. Parts included in neck mass, CG and MOI calculation 

The thorax mass, CG and MOI are summarized in Table 5 and the parts included in the calculation is 
shown in Figure 36. 
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Table 5. Mass, CG and MOI of THOR-05F thorax 

Thorax UMTRI AMVO 5TH THOR-05F 
Mass (kg) 12.98 12.97* 

CG, relative to hip, x (mm) -147 -174.7 
CG, relative to hip, z (mm) 238 267 
Segment MOI, Ixx (kg-cm2) 1542.8 927 
Segment MOI, Iyy (kg-cm2) 1161.2 486 
Segment MOI, Izz (kg-cm2) 1208.6 540 

* The dummy thorax mass without the jacket is 12.54 kg. The portion of the jacket mass, 0.43 kg was 
estimated and added to calculate the total thorax mass. Jacket are not included in the calculation of 
other specifications, i.e. CGs and MOIs. 

 

  Figure 38. Parts included in thorax mechanical properties calculation 

The upper abdomen mass, CG and MOI are summarized in Table 6 and the parts included in calculation 
are shown in Figure 37. 

Table 6. Mass, CG and MOI of THOR-05F abdomen 

 UMTRI AMVO 5TH THOR-05F 
Mass (kg) 1.61 1.61 

CG, relative to hip, x (mm) -82 -75 
CG, relative to hip, z (mm) 107 102 
Segment MOI, Ixx (kg-cm2) 143.5 81.3 
Segment MOI, Iyy (kg-cm2) 101.5 57.8 
Segment MOI, Izz (kg-cm2) 205.7 124.2 

*Abdomen density 0.64 gram/cc was used for calculation. 



 

Wang   18 
 

 

Figure 39, THOR-05F abdomen segmentation planes 

The pelvis mass, CG and MOI are summarized in Table 7 and the parts included in the calculation are 
shown in Figure 38. 

Table 7. Mass, CG and MOI for THOR-05F Pelvis. 

  UMTRI AMVO 5TH THOR-05F 
Mass (kg)* 6.98 6.82 
CG, relative to hip, x (mm) -76 -45 
CG, relative to hip, z (mm) 25 8.7 
Segment MOI, Ixx (kg-cm2) 326.2 333.7 
Segment MOI, Iyy (kg-cm2) 282.9 232.9 
Segment MOI, Izz (kg-cm2) 574.2 382.4 

 

Note: Mass includes jacket.  All other values (CG, MOI) are without jacket. Final design without jacket 6.61 
kg. Lower abdomen density is 0.29 g/cc, 1/3 SID-IIs jacket mass is 0.64 kg, i.e. 0.21 kg, is included for pelvis 
mass.  

 

Figure 40. THOR-05F pelvis segmentation for mass, CG and MOI 
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The upper arm mass, CG and MOI are summarized in Table 8. The parts included in the calculation are 
shown in Figure 39. 

Table 8. Mass, CG and MOI of THOR-05F upper arm. 

  UMTRI AMVO 5TH THOR-05F 
Mass (kg) 1.12 1.12 
CG, relative to Elbow (mm) 145.1 141.2 
Segment MOI, Ixx (kg-cm2) 50 51.8 
Segment MOI, Iyy (kg-cm2) 51.1 52.9 
Segment MOI, Izz (kg-cm2) 8.2 5.2 

 

 

Figure 41. Parts included in mass, CG and MOI calculation of THOR-05F upper arm 

The mass, CG and MOI of the forearm and hand are summarized in Table 9. The parts included in the 
calculation are shown in Figure 40. 

Table 9. Mass, CG and MOI of THOR-05F forearm and hand 

Lower Arm Assembly UMTRI AMVO 5TH THOR-05F 
Mass (kg) 1.14 1.14 

CG, relative to Elbow (mm) 140.9 141.2 
Segment MOI, Ixx (kg-cm2) 141.5 117.7 
Segment MOI, Iyy (kg-cm2) 129.4 116.5 
Segment MOI, Izz (kg-cm2) 8.3 4.9 
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Figure 42. Parts included for mass, CG and MOI for THOR-05F forearm and hand 

The upper leg mass, CG and MOI are summarized in Table 10. The parts included in the calculation are 
shown in Figure 41. 

Table 10. Mass, CG and MOI of THOR-05F upper leg 

  UMTRI AMVO 5TH THOR-05F 
Mass (kg) 5.91 5.91 
CG, relative to hip (mm) 149 187 
Segment MOI, Ix (kg-cm2) 153.9 120.1 
Segment MOI, Iy (kg-cm2) 701 665 
Segment MOI, Iz (kg-cm2) 731.4 646.6 

 

 

Figure 43. Segmentation for THOR-05F upper leg 
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The lower leg mass, CG and MOI are summarized in Table 11. The parts included in the calculation are 
shown in Figure 42. 

Table 11. Mass, CG and MOI of THOR-05F lower leg 

  UMTRI AMVO 5TH THOR-05F 
Mass (kg) 2.36 2.36 
CG, relative to knee (mm) 150.8 157.9 
Segment MOI, Ix (kg-cm2) 261.4 216.3 
Segment MOI, Iy (kg-cm2) 261.9 213.0 
Segment MOI, Iz (kg-cm2) 23.1 21.3 

 

 

Figure 44. Segmentation of THOR-05F lower leg 

 

The foot mass, CG and MOI calculated from CAD are summarized in Table 12. The parts included in the 
calculation are shown in Figure 43.  For the proposed spec of the molded shoe, a shoe specification was 
added to the UMTRI AMVO foot mass target (0.64 kg).  The specification for the 50th MIL-spec shoe, 
according to CFR 571.208 is a weight of 1.25 ±0.2 lb.  (0.567 ± 0.091 kg).  Mass for the 5th MIL-spec shoe 
is not specified in CFR 571.208.  However, assuming the shoe weight will scale by the same mass ratio as 
the foot mass, the target 5th shoe weight would be 0.37 ± 0.13 kg.  
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Table 12. Mass, CG and MOI of THOR-05F molded shoe and foot 

Specification 
UMTRI 
AMVO 
(Bare foot) 

Proposed 5TH SPEC  
(Foot + Molded Shoe) THOR-05F 

Mass (kg) 0.64 0.95-1.07 1.126 
CG, relative to Heel (mm) 84 NA 75.1 
Segment MOI, Ix (kg-cm2) 3.4 NA 10.4 

Segment MOI, Iy (kg-cm2) 18.4 NA 49.6 
 

 

Figure 45. Segmentation of THOR-05F foot 
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Appendix 2 THOR-05F Full Channel Counts and Load Cell Capacity 

The channel list for THOR-05F is summarized in Table 13. 

Table 13. THOR-05F available instrumentation 

Description Sensor Type Channels 
Channel 

Per Sensor QTY 
Subtotal 
Channel 

Head CG accelerometers accelerometer Ax, Ay, Az 1 3 3 
Head CG accelerometers - 
redundant accelerometer Ax, Ay, Az 1 3 3 
Head angular rate sensor ARS ωx, ωy, ωz 1 3 3 
Facial load cell load cell Fx  1 5 5 
Neck spring load cell load cell Fz 1 2 2 

Upper neck load cell load cell 
Fx, Fy, Fz, 
Mx, My, Mz 6 1 6 

Lower neck load cell load cell 
Fx, Fy, Fz, 
Mx, My, Mz 6 1 6 

OC rotary pot potentiometer θy 1 1 1 

Clavicle load cell, left load cell 

Fx, Fz 
(medial, 
Lateral) 4 1 4 

Clavicle load cell, right load cell 

Fx, Fz 
(medial, 
Lateral) 4 1 4 

T1 linear accelerometers accelerometer Ax, Ay, Az 1 3 3 
Mid sternum Accelerometers accelerometer Ax 1 1 1 
Thoracic IR-TRACC upper left IR-TRACC Dx 1 1 1 
Rotary pot - IR-TRACC UL potentiometer θy 1 1 1 
Rotary pot - IR-TRACC UL potentiometer θz 1 1 1 
Thoracic IR-TRACC upper right IR-TRACC Dx 1 1 1 
Rotary pot - IR-TRACC UR potentiometer θy 1 1 1 
Rotary pot - IR-TRACC UR potentiometer θz 1 1 1 
Thoracic IR-TRACC lower left IR-TRACC Dx 1 1 1 
Rotary pot - IR-TRACC LL potentiometer θy 1 1 1 
Rotary pot - IR-TRACC LL potentiometer θz 1 1 1 
Thoracic IR-TRACC lower right IR-TRACC Dx 1 1 1 
Rotary pot - IR-TRACC LR potentiometer θy 1 1 1 
Rotary pot - IR-TRACC LR potentiometer θz 1 1 1 
T8 accelerometers accelerometer Ax, Ay, Az 1 3 3 

Thoracic spine  load cell (T12) load cell 
Fx, Fy, Fz, 
Mx, My, Mz 6 1 6 

Thorax angular rate sensor 
(T12) ARS ωx, ωy, ωz 1 3 3 
T12 accelerometers accelerometer Ax, Ay, Az 1 3 3 
Abdomen pressure sensor APTS P 1 2 2 
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Pelvis CG accelerometers accelerometer Ax, Ay, Az 1 3 3 
Pelvis CG ARS ARS ωx, ωy, ωz 1 3 3 
Acetabular load cell, left load cell Fx, Fy, Fz 3 1 3 
Acetabular load cell, right load cell Fx, Fy, Fz 3 1 3 
ASIS load cell, left load cell Fx, My 2 1 2 
ASIS load cell, right load cell Fx, My 2 1 2 

Femur load cell, L&R load cell 
Fx, Fy, Fz, 
Mx, My, Mz 6 2 12 

Knee potentiometer, left string pot Dx 1 1 1 
Knee potentiometer, right string pot Dx 1 1 1 

Upper tibia load cell, L&R load cell 
Fx, Fy, Fz, 
Mx, My 5 2 10 

Lower tibia load cell, L&R load cell 
Fx, Fy, Fz, 
Mx, My 5 2 10 

Tibia accelerometers, left accelerometer Ax, Ay 1 2 2 
Tibia accelerometers, right accelerometer Ax, Ay 1 2 2 
Achilles load cell, L&R load cell Fz 1 2 2 
Ankle rotation, left pot θx, θy, θz 1 3 3 
Ankle rotation, right pot θx, θy, θz 1 3 3 
Foot accelerometers, left accelerometer Ax, Ay, Az 1 3 3 
Foot ARS, left ARS ωx, ωy, ωz 1 3 3 
Foot accelerometers, right accelerometer Ax, Ay, Az 1 3 3 
Foot ARS, right ARS ωx, ωy, ωz 1 3 3 

Upper arm load cell, L&R load cell 
Fx, Fy, Fz, 
Mx, My, Mz 6 2 12 

Lower arm load cell, left load cell 
Fx, Fy, Fz, 
Mx, My, Mz 6 1 6 

Lower arm load cell, right load cell 
Fx, Fy, Fz, 
Mx, My, Mz 6 1 6 

Total       168 
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The load cell of THOR-05F is summarized in Table 14. 

Table 14: THOR-05F capacities of available instrumentation  

Description Fx (KN) Fy (KN) Fz (KN) Mx (Nm) My (Nm) Mz (Nm) 

Facial load cell 4,500 NA NA NA NA NA 

Upper neck load cell 6,700 6,700 10,000 210 210 135 

Lower neck load cell 10,000 10,000 12,000 300 300 200 

Clavicle load cell, left 2,000 NA 2,000 NA NA NA 

Clavicle load cell, right 2,000 NA 2,000 NA NA NA 

Upper arm, left & right 9,000 9,000 13,500 190 190 170 

Lower arm, left & right 9,000 9,000 13,000 190 190 170 

Thoracic Spine load cell 13,000 13,000 13,000 560 560 280 

Acetabulum load cell, left 13,000 9,000 9,000 NA NA NA 

Acetabulum load cell, right 13,000 9,000 9,000 NA NA NA 

ASIS load cell, left & right 13,000 NA NA NA 200 NA 

Femur load cell, left & right 9,000 9,000 13,500 225 225 170 

Upper tibia, left & right 10,000 10,000 12.,000 340 340 NA 

Lower tibia, left & right 10,000 10,000 12,000 340 340 NA 

Achilles load cell, left & right NA NA 4,450 NA NA NA 
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Appendix 3 Biofidelity Test and References 

Table 15 List of biofidelity tests for THOR-05F 

Item 
# 

Body Region Description Reference Biofidelity Specifications Priority 

1 Head Test 1 Pendulum Melvin et al 1985 Head Pendulum Impact - 
2.0 m/s 

primary 

2 Head Test 2 Pendulum Nyquist et al 1986 Round Rigid Bar impact 
(Face) 

primary 

3 Head Test 3 Pendulum Melvin & Shee, 1989 Rigid Disk impact (Face) primary 

4 Neck Test 1 Sled Thunnissen et al 1995  Frontal Flexion-kinematic primary 

5 Neck Test 2 Pendulum Mertz & Patrick, 1971 Frontal flexion-dynamic  secondary 

6 Neck Test 3 Sled Wismans and Spenny, 
1984 

Lateral Flexion-kinematic primary 

7 Neck Test 4 Pendulum Patrick & Chou, 1976 Lateral flexion-dynamic secondary 

8 Neck Test 5 Pendulum Myers et al 1991 Torsional Load-dynamic primary 

9 Thorax Test 1 Pendulum Kroell et al 1974; 
Neathery et al 1974 

Upper central ribcage 
impact - 4.3 m/s 

primary 

10 Thorax Test 2 Pendulum Kroell et al 1974; 
Neathery et al 1974 

Upper central ribcage 
impact - 6.7 m/s 

durability 
test 

11 Thorax Test 3 Pendulum Yoganandan et al 
1997 

Lower oblique impact primary 

12 Thorax & Shoulder 
Test 

Sled Shaw et al 2009 / 
unpublished 5th data 

Sled test (Gold Standard) secondary 

13 Shoulder Test Quasi-
static 

Tornvall et al 2005 Shoulder Range of Motion/ 
Stiffness 

primary 

14 Abdomen Test 1 Pendulum Cavanaugh et al 1986 Lower L3 rigid bar, 32 kg - 
6.1 m/s 

primary 

15 Abdomen Test 2 Pendulum Nusholtz et al 1994 Upper Abdomen steering 
wheel rim, 20 degree from 
vertical 18 kg - 6.7 m/s 

primary 

16 Abdomen Test 3 Quasi-
static 

Lamielle et al 2008 Belt loading (unspecified) secondary 

17 Lumbar Test Pendulum Parent, unpublished Lumbar Pendulum Test primary 

18 Knee/Thigh/Hip Test 1 Linear 
impactor 

Rupp et al 2008 Femur impact, 255 kg, 
whole body - 4.9 m/s 

primary 

19 Knee/Thigh/Hip Test 2 Linear 
impactor 

Rupp et al 2003 Femur (lower extremity 
isolated) impact, 250 kg - 
1.2 m/s 

primary 

20 Knee/Thigh/Hip Test 3 Pendulum Balasubramanian et 
al 2004 

Knee slider - 2.75 m/s primary 

21 Leg Test 1 - Heel Pendulum Funk et al 2000 Tibia axial, 20 kg - 7 m/s  primary 

22 Leg Test 2 - Ball Pendulum Crandall et al 1996 Dorsiflexion dynamic - 5.0 
m/s 

primary 
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23 Leg Test 3 - Inversion Pendulum Funk et al 2002 Dynamic 
Inversion/eversion, neutral 
position 

primary 

24 Leg Test 4 - Eversion Pendulum Funk et al 2002 Dynamic 
Inversion/eversion, neutral 
position 

primary 
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ABSTRACT 
Drunk driving remains a major factor in fatal accidents around the world. Previous studies have suggested various 
approaches to prevent drunk driving. For example, sensors were developed to detect alcohol intoxication. Other 
significant studies has shown how alcohol intoxication affects driving maneuvers and the resulting vehicle 
behavior. Such approaches have high applicability because they do not require the installation special devices. In 
addition, alcohol is known to induce drowsiness. Drowsiness also affects driving maneuvers and vehicle behaviors. 
Therefore, to accurately detect alcohol intoxication, the effect of drowsiness must be separated from that of 
alcohol intoxication. However, the difference between these two types of impaired driving remains unclear. If the 
type of impaired driving can be identified, effective countermeasures may be applied. To address this issue, the 
present study distinguishes between drunk driving and drowsy driving based on driving maneuvers and the 
resulting vehicle behavior, which are determined using data from vehicle-based sensors. Data on driving 
maneuvers and vehicle behavior were collected using a driving simulator set to a simple driving scenario to induce 
drowsiness. The experiment consisted of five driving sessions. The first session was sober driving (i.e., before 
drinking). Following the first session, the participants took a meal with an arbitrary amount of alcoholic drink. 
From the second session to the fifth sessions were drunk driving. Breath alcohol concentration (BrAC) was 
measured and driver drowsiness was determined by using the Stanford Sleepiness Scale (SSS). The results which 
culculated by standardized partial regression coefficient suggest that the standard deviation of the steering angle 
is affected by alcohol, whereas the standard deviation of lateral vehicle position is affected by drowsiness. 
Discriminant analysis were used for discriminating between four states: “Sober and Awake”, “Sober and Drowsy”, 
“Drunk and Awake”, and “Drunk and Drowsy”. The “Sober and Awake” state is accurately detected at a rate of 
96.8%; for “Drunk and Drowsy” the rate is 65.1%, and for “Drunk and Awake” the rate is 41.1%. We discuss how, in 
general, almost all vehicle behavior reflects the driver’s maneuvers. For example, alcohol intoxication led to a 
relatively large increase in the standard deviation of steering angle, although the standard deviation of lateral 
vehicle position increased only slightly. Conversely, drowsiness led to a relatively small increase in the standard 
deviation of steering angle but a relatively large increase in the standard deviation of lateral vehicle position. This 
mismatched relation may be caused by frequencies involved in steering: high-frequency steering results from 
alcohol intoxication, whereas low-frequency or intermittent steering results from drowsiness. This means that 
high-frequency steering is poorly reflected in vehicle behavior because of the integral characteristics of the vehicle 
steering mechanism. We conclude that alcohol intoxication mainly affects driving maneuvers whereas drowsiness 
mainly affects vehicle behavior. Moreover, the normal state “Sober and Awake” and the impaired state “Drunk 
and Drowsy” may be discriminated based on these evaluation indices. Future work should investigate the 
frequency of steering operations in each driving state. These findings should be integrated into advanced driver 
assistance systems to assist impaired drivers. 
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INTRODUCTION 

Drunk driving remains one of the main factors in 
fatal accidents around the world, and the risk of 
traffic accidents is known to increase for drunk 
drivers [1]. Previous studies have suggested various 
approaches to prevent drunk driving. For example, 
sensors were developed to detect alcohol 
intoxication [2][3]. Other studies have investigated 
how alcohol affects driving maneuvers and vehicle 
behavior [4]–[6]. Such approaches have high 
applicability because they do not require the 
installation special devices. However, driving 
maneuvers and vehicle behavior are affected not 
only by drunk driving but also by drowsy driving. 
Drowsy driving is also extremely dangerous and may 
influence any driver [7]–[9]. The effect of drunk 
driving on driving maneuvers and vehicle behavior 
can be predicted, and this effect changes when 
drowsiness is included. Therefore, to accurately 
detect alcohol intoxication, the effect of drowsiness 
must be separated from that of alcohol intoxication. 
However, few studies have focused on 
differentiating between alcohol impairment and 
drowsiness based on driving maneuvers and vehicle 
behavior [13]–[15]. The present work addresses this 
shortcoming by studying the feasibility of 
differentiating between drunk driving and drowsy 
driving based on driving maneuvers and vehicle 
behavior as determined from data acquired by 
vehicle-based sensors. Moreover, we discuss the 
experimental results based on the driver's state, the 
driving maneuvers, and vehicle behavior. 

METHOD 

Objective 
Driver ability is affected by factors such as alcohol 
intake and drowsiness. If these factors can be 
differentiated by some algorithm, it may be 
possible for the vehicle to provide appropriate 
support for the driver. For example, if some 
characteristics of drunk driving can be detected by 
an algorithm, the vehicle may emit an emergency 
alarm or be disabled altogether. If characteristics 
of drowsy driving are detected, a stimulus may be 
applied to wake the driver and encourage him or 
her to find a safe rest area. In this study, we divide 
the driver's state into four quadrants defined by 
alcohol states (sober or drunk) and arousal states 
(awake or drowsy) and verify the rate at which 
each quadrants may be identified based on data 

from driving maneuvers and vehicle behavior 
collected from a driving simulator (see Figure 1). 
 

 
 
Figure 1. Quadrants for discriminating between 
alcohol and drowsiness. 
 
Equipment and experiment settings 
Driving maneuvers and vehicle behavior were 
collected by using a driving simulator at the Japan 
Automobile Research Institute. The driving 
simulator has a 360° screen and a six-axis-motion 
base. To induce drowsiness, it was used at a simple 
setting (i.e., a straight road at nighttime with no 
other vehicles or pedestrians; see Figure 2). The 
driving speed was 60 km/h, which the participants 
could adjust by operating the gas pedal. 
 

  
 
Figure 2. Driving simulator and experiment 
setting. 
 
Constitution 
For each participant, the experiment consisted of 
five driving sessions. The first session was sober 
driving (i.e., before drinking). Following the first 
session, the participants took a one-hour meal with 
an arbitrary amount of alcoholic drink. Next came 
four sessions: the second session immediately after 
drinking, the third session one hour after drinking, 
the fourth session two hours after drinking, and the 
fifth and final session three hours after drinking 
(see Figure 3). Each driving session was divided 
into two driving periods, with a rest between 
driving periods. Each driving period lasted ten 
minutes and the rest period lasted approximately 
one minute (see Figure 4). The rests were taken to 
prevent excessive drowsiness. During the rest 
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time, the room light was on and participants 
wiped their face with wet tissue and talked with 
the operator of the driving simulator. 
 
 

 
 
Figure 3. Flowchart of experiment procedure. 
 
 

 
 
Figure 4. Driving session. 
 
Measured parameters and definitions 
The parameters measured included steering angle 
and gas pedal stroke, which were recorded for 
driving maneuvers, and speed, lane position, and 
yaw angle, which were recorded for vehicle 
behavior. Driver drowsiness was determined by 
using the Stanford Sleepiness Scale (SSS). 
Each driving session was divided into four periods, 
from 1Q to 4Q (see Figure 5). Breath-alcohol 
concentration (BrAC) was measured in the waiting 
room before driving (A1, before 1Q) and after driving 
(A2, after 4Q). Participants assessed their drowsiness 
by SSS before driving (A1, before 1Q), before rest 
(B1, after 2Q), after rest (B2, before 3Q), and after 
driving (A2, after 4Q). These measurements were 
necessary to associate with BrAC and SSS at 
comparable times in each period. These values are 
defined for each period (See Table 1). 
All measured parameters for driving maneuvers and 
vehicle behavior were calculated for each period 
(see Figure 6). Initially, all measured parameters 
were split into 32 s windows. Based on the 32 s 
window, 95% values were calculated in each period. 
To reduce the influence of personal driving 

characteristics for driving maneuvers, the value of 
the 95 percentile was normalized by the value 
obtained for sober and awake driving. This 
procedure yielded representative values for each 
evaluation index. Each participant provided 20 such 
representative values for each evaluation index. 
 

 
 
Figure 5. Timing of alcohol measurement and 
drowsiness scale. 
 

Table 1. 
Application of BrAC and SSS for each period. 

 

Period Alcohol 
(BrAC) 

Drowsiness 
(SSS) 

1Q A1 A1 
2Q (A1 + A2)/2 B1 
3Q (A1 + A2)/2 B2 
4Q A2 A2 

 
 

 
 
Figure 6. Graphical representation of 
representative values in each period. 
 
Participants and instructions 
Eight male drivers participated in this experiment. 
Each drove his own car approximately every day. All 
participants were instructed to keep their speed at 
approximately 60 km/h by using their gas pedal and 
to keep their vehicle centered in the lane to the 
extent possible. 
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RESULTS 

Breath-alcohol concentration and Stanford 
Sleepiness Scale 
Figure 7 shows BrAC transitions for each 
participant. Before drinking, the BrAC of all 
participants was 0 mg/L. Just after drinking, the 
BrAC levels ranged from approximately 0.27 to 
0.61 mg/L. Over time, the BrAC levels decreased. 
Figure 8 shows the distribution in drowsiness (SSS) 
over the various driving states for all participants. 
These results are based on a total of 160 data, 
which ensured a sufficient sample size for all 
states: “sober and awake” (n = 31), “drunk and 
drowsy” (n = 43), and “drunk and awake” (n = 
56).” However, only a single datum falls in the 
state “sober and drowsy..” 
 

 
 
Figure 7. Result of breath-alcohol concentration 
for each participant. 
 

 
Figure 8. Sample number for each driving state. 
 
Influence on evaluation indices 
For all 160 data, we investigated the relation 
between BrAC levels and each evaluation index. 
Figure 9 shows the normalized standard deviation 
of steering angle as a function of BrAC. The results 

indicate that the standard deviation of steering 
angle increases with BrAC. Figure 10 shows the 
analogous plot for SSS, which indicates that the 
standard deviation of steering angle increases 
with SSS. Thus, BrAC levels and SSS indicate a 
similar effect on the standard deviation of 
steering angle.  
 

 
Figure 9. Normalized standard deviation of 
steering angle as a function of BrAC . 
 

 
Figure 10. Normalized standard deviation of 
steering angle as a function of SSS.  
 
 
These results indicate that there are interaction 
between alcohol effect and drowsiness effect 
because alcohol intake induces drowsiness, as is 
already known [13]. To clarify any relation 
between evaluation indices for alcohol intake and 
drowsiness, we calculated the standardized partial 
regression coefficient obtained by a multiple 
regression analysis. In the multiple regression 
analysis, the objective variable was set to each 
evaluation index in turn, and the explanatory 
variables were set to BrAC and SSS values (see 
Table 2). As the result, indices related to steering 
angle (and especially its standard deviation) might 
be affected by alcohol. In contrast, indices related 
to the lateral position of the vehicle (and 
especially its standard deviation) might be 
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affected by drowsiness. These results indicate that 
alcohol tends to affect driving maneuvers and 
drowsiness tends to affect vehicle behavior. 
 

Table 2. 
Standardized partial regression coefficient 
calculated by multiple regression analysis 

(objective variables are each evaluation index, 
explanatory variables are BrAC and SSS). 

 

 
 
Discriminating between drunk driving and 
drowsy driving 
To discriminate between the intoxicated state and 
the drowsy state, we applied a discriminant 
analysis. This study uses two discriminant 
functions to differentiate between four states, 
“sober and awake,” “sober and drowsy,” “drunk 
and awake,” and “drunk and drowsy” (see Figure 
11). In the analysis, the standard deviation of 
steering angle was chosen as an index to identify 
the intoxicated state, and the standard deviation 
of vehicle lateral position was chosen as an index 
to identify the drowsy state. Two discriminant 
functions were thus obtained to identify the 
intoxicated state (Equation 1) and the drowsy 
state (Equation 2). The scatter diagram in Figure 
12 shows the distribution of each of the four 
states and the discriminant functions for the 
intoxicated and drowsy states. The x axis gives the 
standard deviation of steering angle and the y axis 
gives the standard deviation of vehicle lateral 
position. The red line separates the intoxicated 
state from the sober state, and the blue line 
separates the drowsy state from the awake state.” 
The blue circles represent the “sober and awake” 
state (n = 31) and are concentrated in a narrow 
area under the boundaries of both the intoxicated 
and drowsy states. The red squares indicate the 
“drunk and drowsy” state (n = 43) and are spread 
over a wide area, although many fall above the 
boundary for the intoxicated state. The pink 
triangles represent the “drunk and awake” state 
(n = 56) and are also spread over a wide area. To 
confirm the accuracy of the results, we counted 
the number of the points that fall into the correct 
state (see Figure 13). 
 

 

 
Figure 11. Flowchart for discriminating between 
intoxicated and drowsy states. 
 

 
   ･････(Equation 1) 
 

 
   ･････(Equation 2) 
 
 

 
 
Figure 12. Feasibility of discriminating between 
intoxicated and sober states and between drowsy 
and awake states. 
 
Based on the results, the “sober and awake” state 
is correctly identified at a rate of 96.8% (31 total 
“sober and awake” points, with 30 correct points). 
Only one point incorrectly identifies the “drunk 
and awake” state. The state “drunk and drowsy” is 
correctly identified at a rate of 65.1% (43 total 
points for “drunk and drowsy,” with 28 correct 
points). For the “drunk and awake” state, the 
accuracy is 41.1% (56 total points for “drunk and 
awake,” with 23 correct points). 
Based on this analysis, the normal state (“sober 
and awake”) seems to discriminate with the 
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highest probability, and the most dangerous state 
(“drunk and drowsy”) is discriminated with 
satisfactory probability. However, the state 
“drunk and awake” is difficult to correctly identify. 
 

 
 

 
 
Figure 13. Accuracy of discriminating between 
quadrants. 

DISCUSSION 

This discussion focuses on the characteristics of 
indices for driving maneuvers and vehicle behavior. 
Almost all vehicle behavior occurs as a result of 
driving maneuvers. For horizontal motion, the 
displacement of the vehicle should be controlled by 
the steering wheel and the transmission functions of 
the vehicle steering mechanism. However, in this 
study, the effects of alcohol are strongly manifested 
in the standard deviation of steering angle. In 
contrast, the effects of drowsiness are strongly 
manifested in the standard deviation of the vehicle 
lateral position. This result seems to contradict the 
relation between driving maneuvers and vehicle 
behavior. However, we hypothesize that intoxication 
results in the steering angle being modified at a 
relatively high frequency, whereas drowsiness result 
in the steering angle being modified at a lower 
frequency. Conversely, if the steering angle is 
modified at a low frequency because of drowsiness, 
the effect on the lateral position of the vehicle 
becomes large. This means that high-frequency 
steering is poorly reflected in vehicle behavior 
because of the integral characteristics of the vehicle 
steering mechanism. This consideration might 

explain the results of this experiment and should be 
tested in each state. 
 

 
 
Figure 14. Hypothesized relation between 
frequency of modification of steering angle and 
of vehicle lateral position.  

CONCLUSIONS 

Based on experiments using a driving simulator, we 
conclude that intoxication mainly affects driving 
maneuvers whereas drowsiness mainly affects 
vehicle behavior. These evaluation indices can 
discriminate with high probability between the 
ordinary condition (“sober and awake”) and the 
impaired condition (“drunk and drowsy”). Moreover, 
we hypothesize that the frequency with which 
steering angle is modified may explain these results, 
with a higher frequency corresponding to 
intoxication and a lower frequency corresponding to 
drowsiness. In future work, the frequency of steering 
modifications should be investigated under all 
conditions, and “sober and drowsy” data should be 
collected and investigated to clarify the effect of 
drowsiness. These results should contribute to the 
development of advanced driver assistance systems 
to assist impaired drivers. 
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 ABSTRACT 

 
The pedestrian protection given by a vehicle is assessed according to four independent impact test procedures, 
related to different body segments. Four impactors were developed specifically: leg, upper-leg, child head and 
adult head. These impactors, which are thrown against specific zones of the front face of the vehicle, allow the 
measurements of biomechanical criteria simulating the injury risk during the impact .Such test procedures are 
used by Euro NCAP and by the European regulation on pedestrian protection.  
 
Concerning the leg, the first impactor used was the TRL impactor, but since 2014, the TRL impactor was 
replaced by the FLEX-PLI impactor for the Euro NCAP tests. The conception and the biomechanical criteria are 
different between the TRL and the FLEX-PLI. A specific study is carried out, to quantify behavioural 
differences between these two impactors tests. 
 
In the first part of this study, various tests are performed with FLEX-PLI and TRL impactors on vehicles with 
different heights of front face. In these tests we check if vehicles that respect the Euro NCAP criteria with the 
TRL impactor, also respect the Euro NCAP criteria with the FLEX-PLI impactor. These tests are carried out 
with the cooperation of UTAC CERAM. 
 
Then, in the second part, after analysis of the tests results, we identify the least favourables front face geometries 
for the FLEX-PLI impactor for the respect of the Euro NCAP requirements. Then using numerical simulations, 
we identify design and conception levers that allow to improve the results for the FLEX-PLI test for this kind of 
front face geometries. The numerical study is conducted with the cooperation of ACTOAT company. 
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LEGFORMS PRESENTATION 

 
 The assessment of pedestrian protection offered by 
a vehicle is made through three different and 
independent component test procedures 
corresponding to different body segments:  

- the first one is related to the assessment of the 
protection of the leg. The test is called “legform to 
bumper test”  

- the second one is related to the upper leg. The 
test is called “upper legform to bonnet”  

- the last one is related to the head, adult head 
impact and child head impact. The tests are called 
“Adult and Child headforms to bonnet and 
windscreen test”  
 
These tests are made by European New Car 
Assessment Program, Euro NCAP [1] 
 
Four specific body form impactors are used in these 
tests. They are propelled against the front part of 
the vehicle (from the bumper up to the windscreen 
depending on the type of test) and they are 
equipped with several sensors in order to measure 
biomechanical criteria that are used to assess the 
risk of injuries (see Figure 1). 

 
 

 
 

Figure 1. Euro NCAP Pedestrian tests made of 
body form impactors propelled against the car 

front-end. 
 
There is two different impactors for the leg :  the 
TRL impactor, and the FLEX-PLI impactor. 
 
The TRL legform was used by the Euro NCAP 
until 2013. The legform is made out of two rigid 

elements corresponding to the tibia and the femur, 
which are connected by an articulation representing  
the knee joint. The test procedure consists in 
propelling the legform against the bumper, in free 
motion at 40 km/h (see figure 2) 
 

 
Figure 2 : the TRL impactor 

 
At the time of first contact the lower part of the 
legform shall be 25mm above ground. 
 
The FLEX-PLI legform is used by the Euro NCAP 
since 2013. The legform is made out of a lot of 
articulated elements corresponding to the tibia and 
the femur, which are connected by an articulation 
representing the knee joint. The test procedure 
consists in propelling the legform against the 
bumper, in free motion at 40 km/h.  
 

 
 

Figure 3 : the FLEX-PLI impactor 
 
During Euro NCAP tests, the biomechanical criteria 
are recorded, and this criteria are compared with the 
limits fixed by the Euro NCAP (see tables 1 and 2) 
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TRL criteria Euro NCAP higher 
performance limit 

Euro NCAP lower 
performance limit 

Deceleration 
 

150 g 200 g 

Knee bending 
angle 

15° 20° 

knee shear 
displacement 

6 mm 7 mm 

 
Table 1 : TRL criteria 

 
FLEX-PLI 

criteria 
Euro NCAP higher 
performance limit  

Euro NCAP lower 
performance limit  

Bending moment 
max 

282 N.m 340 Nm 

Medial collateral 
ligament  
elongation 

(MCL) 

19 mm 22 mm 

Anterior cruciate 
ligament (ACL)  

elongation 

10 mm 10 mm 

Posterior cruciate 
ligament  

elongation (PCL) 

10 mm 10 mm 

 
Table 2 : FLEX-PLI criteria 

 
TRL AND FLEX-PLI PHYSICAL TESTS 
COMPARISON  

 
For this study three different vehicles, with 
different front faces heights, are tested with the 
FLEX-PLI and the TRL legforms:  

- Vehicle A  
- Vehicle B  
- Vehicle C  

 
For this three vehicles, the height of the hood nose 
shall be measured as shown in the section below : 
(see figure 4) :  

 
Figure 4 

This height of the front end to the ground is 
measured in front of the reparability beam. 
 

So the heights of the front end for the 3vehicles are: 
- vehicle A : 845 mm 
- vehicle B : 763 mm 
- vehicle C : 677 mm 

Vehicle A is the highest and vehicle C is the lowest 
(see figure 5). 
 

 
Figure 5 

 
For each vehicle, we performed two tests with the 
FLEX-PLI impactor: one at the center of the 
vehicle, and one at a lateral position. And for each 
vehicle, we performed two tests at the same 
position with the TRL impactor (see figure 6) : Y 
central and Y lateral. 
 

 
Figure 6 

 
TESTS RESULTS 
 
Vehicle A Test Results 
 
In the tables below, we compare the FLEX-PLI and 
TRL results that we obtain with vehicle A. 
First at Y central  (see table 3) : 
 

Y central 

TRL results test Y0 Limits 

Deceleration (g) 102 150 

Bending angle (°) 3,4 15 

Shear displacement (mm) 2,1 6,0 

FLEX-PLI results test Y0 Limits 

ACL elongation (mm) 6,10 10,0 

PCL elongation (mm) 5,20 10,0 

MCL elongation (mm) 10,2 19,0 

Moment tibia max (N.m) 204 282 

Table 3 
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And at the Y lateral  (see table 4) :  
 

Y lateral 

TRL results test Y488 Limits 

Deceleration (g) 93 150 

Bending angle (°) 7,1 15 

Shear displacement (mm) 3,0 6,0 

FLEX-PLI results test Y488 Limits 

ACL elongation (mm) 6,80 10,0 

PCL elongation (mm) 1,52 10,0 

MCL elongation (mm) 12,0 19,0 

Moment tibia max (N.m) 154 282 

 
Table 4 

 
All Euro NCAP criteria are respected with margin 
with the TRL and the FLEX-PLI. 
 
 
Vehicle B Tests Results 
 
In the tables below, we compare the FLEX-PLI and 
TRL results that we obtain with vehicle B. 
 
First at Y Centre  (see table 5) : 
 

Y central 

TRL results test Y0 Limits 

Deceleration (g) 133 150 

Bending angle (°) 13,1 15 

Shear displacement (mm) 5,18 6,0 

FLEX-PLI results test Y0 Limits 

ACL elongation (mm) 6,28 10,0 

PCL elongation (mm) 5,38 10,0 

MCL elongation (mm) 15,7 19,0 

Moment tibia max (N.m) 131 282 

 
Table 5 

 
 

 
And at the Y lateral  (see table 6) :  
 

Y lateral 

TRL results test Y460 Limits 

Deceleration (g) 109 150 

Bending angle (°) 7,05 15 

Shear displacement (mm) 3,98 6,0 

FLEX-PLI results test Y460 Limits 

ACL elongation (mm) 5,28 10,0 

PCL elongation (mm) 5,09 10,0 

MCL elongation (mm) 13,7 19,0 

Moment tibia max (N.m) 126 282 

 
Table 6 

 
All Euro NCAP criteria are respected with margin 
with the TRL and the FLEX-PLI 
 
 
Vehicle C Tests Results 
 
In the tables below, we compare the FLEX-PLI and 
TRL results that we obtain with vehicle C. 
 
First at Y centre  (see table 7) : 
 

Y central 

TRL results test Y9 Limits 

Deceleration (g) 111 150 

Bending angle (°) 12,4 15 

Shear displacement (mm) 2,34 6,0 

FLEX-PLI results test Y9 Limits 

ACL elongation (mm) 5,92 10,0 

PCL elongation (mm) 5,81 10,0 

MCL elongation (mm) 20,3 19,0 

Moment tibia max (N.m) 168 282 

 
Table 7 
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And at the Y lateral  (see table 8) :  
 

Y lateral 

TRL results test Y460 Limits 

Deceleration (g) 132 150 

Bending angle (°) 10,3 15 

Shear displacement (mm) 2,97 6,0 

FLEX-PLI results test Y460 Limits 

ACL elongation (mm) 4,91 10,0 

PCL elongation (mm) 8,12 10,0 

MCL elongation (mm) 13,1 19,0 

Moment tibia max (N.m) 121 282 

Table 8 
 
All Euro NCAP criteria are respected with margin 
with the TRL, but not all Euro NCAP criteria are 
respected with the FLEX-PLI : MCL exceeds the 
20 mm limit value with a maximum of 21 
 
 
WHY THE RESULTS COULD RESPECT THE 
EURO NCAP LIMITS WITH THE TRL 
LEGFORM BUT NOT WITH THE FLEX-PLI 
LEGFORM ? 
 
 
A vehicle designed to meet success with TRL tests 
(with margins), can give bad results with the 
FLEX-PLI tests. Why vehicle C results respect the 
Euro NCAP limits with TRL but not with the 
FLEX-PLI ? 
 
The legform kinematic is different with the vehicle 
C (see figure 8) : 
 

 

 

 
 

Figure 8 : kinematic comparison between 
vehicule B and C 

 
Because of the difference of height of the front end, 
with the FLE-PLI legfom, during the test on the 
vehicle C the legform rotates more on the front end 
and is more ejected in Z direction.  
 
More the front face of the vehicle is lower, more 
the legform will rotate on the front face, and more 
the MCL elongation will increase. Because the 
FLEX-PLI legform is more flexible than the TRL 
legform (see figure 9). 
 
 
 
 
 
 
 
 
  
 

 
 
 
 
 
 
 

Figure 9 : FLEX-PLI rotation with the front face 
 
So, because the legform rotates more on the front 
face with the FLEX-PLI, MCL elongation can 
exceed the limits fixed by the Euro NCAP for 
vehicles with a lower front end.  
 
The MCL elongation depends on the front face 
height (see graphic 1). 
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Graphic 1 : kinematic comparison between 
vehicule B and C 

 
 
 

HOW TO REDUCE THE MCL ELONGATION 
FOR VEHICLES WITH A LOWER FRONT 
FACE  ? 
 
Vehicle C Comparison Between Simulations 
And Physical Results 
 
To find, how to reduce the MCL elongation for 
vehicles with a lower front face, we use computer 
simulations with the RADIOSS code (RADIOSS is 
a finite element solver developed by Altair 
Engineering). 
 
First, we check the correlation between the 
computer simulations and the physical tests for the 
vehicle C (see graphic 2 and 3). 
 

 
Graphic 2 : moments comparison between 
physical tests and simulations (red curves: 

simulations, blue curves: physical tests) 
 

 
Graphic 3 : elongations comparison between 
physical tests and simulations (red curves: 

simulations, blue curves: physical tests) 
 
Except tibia moment number 3, physical 
phenomena are correctly reproduced, but the 
simulation overestimates the values. 
 
For elongations, simulation overestimates the 
values for the ACL, but physical phenomena are 
correctly reproduced. And correlation is correct for 
the MCL and the PCL.  
 
So simulation can be used to find a solution to 
reduce the MCL  
 
 
Solutions Research With Simulation To Reduce 
MCL Elongation For Wehicle C 
 
To find a solution we modified thickness of 
different vehicle parts (see figure 12): 

- top of the bumper, 
- pedestrian absorber in front of the 

reparability beam, 
- lower pedestrian absorber with deflector. 

 
 

 
Figure 12 : vehicle C front face parts  

 
 

The simulations results without modifications is 
summed up in table 12 : 
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FLEX-PLI results simulation Y9 Euro NCAP 
limits 

ACL/PCL max (mm) 7,02 10,0 

MCL max (mm) 21,8 19,0 

Moment max (N.m)  209 282 

Table 12 : simulation results whitout 
modifications 

 
First, we multiply the stiffness of the top of the 
bumper by two. It’s the solution number 1. 
 

 No improvement with this solution (see 
table 13) 

 

FLEX-PLI results simulation Y9 with 
solution number 1 

Euro NCAP 
limits 

ACL/PCL max (mm) 6,97 10,0 

MCL max (mm) 22,0 19,0 

Moment max (N.m)  205 282 

 
Table 13 : simulation results whit solution 

number 1 
 

Second, we multiply the thickness of the lower 
pedestrian absorber by two. It’s the solution number 
2. 
 

 This solution reduces the MCL elongation 
but, not enough  (see table 14) 

 
 

FLEX-PLI results simulation Y9 with 
solution number 2 

Euro NCAP 
limits 

ACL/PCL max (mm) 5,85 10,0 

MCL max (mm) 18,2 19,0 

Moment max (N.m)  200 282 

 
Table 14 : simulation results whit solution 

number 2 
 

Third, we multiply the thickness of the lower 
pedestrian absorber by two and we multiply the 
thickness of the pedestrian absorber by two. It’s the 
solution number 3. 
 

 MCL elongation reduces and meets now 
Euro NCAP  limits with margin and 
moments increase but moments are 

overestimated in simulations (see table 15 
and  graphic 4) 

 

FLEX-PLI results simulation Y9 with 
solution number 2 

Euro NCAP 
limits 

ACL/PCL max (mm) 6,96 10,0 

MCL max (mm) 16,1 19,0 

Moment max (N.m)  236 282 

 
Table 15: simulation results whit solution 

number 2 
 

 
Graphic 4 : simulations MCL elongations 

comparison  
 

If we compare FLEX-PLI kinematic in simulation 
wihout modification and the simulation number 3, 
we can see that lower part of the leg is faster 
ejected when absorber thickness increases and this 
kinematic of the lower part of the leg, helps to 
reduce the MCL (see figure 13). 
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Figure 8 : kinematic comparison between 

simulations wihout evolution and with solution 
number 3 (in blue : simluation with solution 

number 3, in orange : simulation without 
evolution) 

 
 
CONCLUSIONS  
 
A vehicle designed to meet requirements with TRL 
tests (with margin), can give bad results with the 
FLEX-PLI tests. Because FLEX-PLI legform 
rotates more on the front face, MCL elongation can 
exceed the limits fixed by the Euro NCAP for 
vehicles with a lower front face. The lower is the 
front face of the vehicle, the more the legform will 
rotate on the front face, and the more the MCL 
elongation will increase. 
 
Conception of the vehicle has been adapted to 
reduce the MCL elongation. So we decided to 
increase the absorber thickness to have a more 
favorable leg kinematics. Lower part of the leg is 
faster ejected when absorber thickness increases. 
This kinematic of the lower part of the leg, helps to 
reduce the MCL 
 
REFERENCES  
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ABSTRACT 
 
The National Highway Traffic Safety Administration (NHTSA) and the Automotive Coalition for Traffic Safety (ACTS) 
began research in February 2008 to try to find potential in-vehicle approaches to the problem of alcohol-impaired driving.  
Members of ACTS comprise motor vehicle manufacturers representing approximately 99 percent of light vehicle sales in 
the U.S. This cooperative research partnership, known as the Driver Alcohol Detection System for Safety (DADSS) 
Program, seeks to develop technologies that are less intrusive than the current in-vehicle breath alcohol measurement 
devices. Detection technology must be seamless (passive) with the driving task. It also must be able to quickly and 
accurately measure a driver’s blood alcohol concentration (BAC) in a non-invasive manner. These technologies will be a 
component of a system that may deter the vehicle from being driven when the device registers that the driver’s BAC 
exceeds the legal limit. Such devices ultimately must be compatible with mass-production at a moderate price, be durable, 
meet high levels of reliability, and require no maintenance. Therefore, the performance standards for the adoption of these 
devices among the general public, many of whom do not drink, let alone drink and drive, must be much more rigorous if 
they are to cause minimal inconvenience, and must deter the vehicle from being driven when the device registers that the 
driver’s BAC exceeds the legal limit (currently 0.08 g/dL throughout the United States). 

To assess these technologies, detailed performance specifications were developed. The specifications were designed to 
focus the current and future development of relevant emerging and existing advanced alcohol detection technologies. In 
addition to requirements for a high level of accuracy and very fast time for measurement, the influences of environment, 
issues related to user acceptance, long-term reliability, and system maintenance are also addressed. The resulting list of 
specifications with definitions, measurement requirements, and acceptable performance levels are documented in the 
DADSS Subsystem Performance Specification Document1. The accuracy and speed of measurement requirements adopted 
by the DADSS Program are much more stringent than currently available commercial alcohol measurement technologies 
are capable of achieving. Translating that to appropriate performance specifications was approached by calculating the 
potential for inconvenience if reliability, accuracy, and time for measurement were set at various levels. 

                                                           
1 Driver Alcohol Detection System for Safety (DADSS). Draft Subsystem Specifications Performance 
Specifications. DADSS001-DRAFT08. April 21, 2010. 
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INTRODUCTION 

Alcohol-impaired driving (defined as driving at or 
above the legal limit in all states of 0.08 g/dL or 0.08 
percent in all states) is one of the primary causes of 
motor vehicle fatalities on U.S. roads every year and 
in 2015 alone resulted in almost 13,966 deaths.  
There are a variety of countermeasures that have been 
effective in reducing this excessive toll, many of 
which center around strong laws and visible 
enforcement.  Separate from these successful 
countermeasures, the NHTSA and the ACTS began 
research in February 2008 aimed at identifying 
potential in-vehicle approaches to the problem of 
alcohol-impaired driving.  Members of ACTS 
comprise of motor vehicle manufacturers 
representing approximately 99 percent of light 
vehicle sales in the U.S.  This cooperative research 
partnership, known as the Driver Alcohol Detection 
System for Safety (DADSS) Program, is exploring 
the feasibility, the potential benefits of, and the 
public policy challenges associated with a more 
widespread use of non-invasive technology to reduce 
alcohol-impaired driving. The 2008 cooperative 
agreement between NHTSA and ACTS (the “Initial 
Cooperative Agreement”) for Phases I and II outlined 
a program of research to assess the state of detection 
technologies that are capable of measuring blood 
alcohol concentration (BAC) or Breath Alcohol 
Concentration (BrAC) and to support the creation and 
testing of prototypes and subsequent hardware that 
could be installed in vehicles.  

Since the program’s inception it has been clearly 
understood that for in-vehicle alcohol detection 
technologies to be acceptable for use among drivers, 
many of whom do not drink and drive, they must be 
seamless (passive) with the driving task, they must be 
non-intrusive, that is, accurate, fast, reliable, durable, 
and require no maintenance.  To that end, the 
DADSS program is developing non-intrusive 
technologies that could prevent the vehicle from 
being driven when the device registers that the 
driver’s BAC exceeds the legal limit (currently 0.08 
percent throughout the United States).  

To achieve these challenging technology goals, very 
stringent performance specifications were developed. 
The specifications are designed to focus the current 
and future development of relevant emerging and 
existing advanced alcohol detection technologies 
(Ferguson et. al., 2010).  In addition to requirements 
for a high level of accuracy and very fast time to 
measurement, the influences of environment, issues 
related to user acceptance, long-term reliability, and 
system maintenance also will be assessed.  The 
resulting list of specifications with definitions, 

measurement requirements, and acceptable 
performance levels are documented in the DADSS 
Subsystem Performance Specification Document.  
The accuracy and speed of measurement 
requirements adopted by the DADSS Program are 
much more stringent than currently available 
commercial alcohol measurement technologies are 
capable of achieving.  Translating that to appropriate 
performance specifications was approached by 
estimating the potential for inconvenience if 
reliability, accuracy, and time to measurement were 
set at various levels.  Presented below are the 
processes used to derive them.  

Reliability   Developing an alcohol detection device 
as original equipment for the vehicle environment 
brings with it special challenges.  Reliability is 
defined as the ability of a system or component to 
perform its required functions under stated conditions 
for a specified period of time.  Levels of reliability 
that are too low would result in an unacceptable 
number of failures to operate the vehicle.  It has been 
estimated that at the 3σ reliability (sigma - Greek 
letter σ - is used to represent the standard deviation of 
a statistical population) there could be the potential 
for 66,800 defects per million opportunities, where an 
opportunity is defined as a chance for 
nonconformance. The accepted level of reliability 
within the industry is 6σ.  The term "six sigma 
process" comes from the notion that with six standard 
deviations between the process mean and the nearest 
specification limit, there will be practically no items 
that fail to meet specifications.  In practice, 6σ is 
equivalent to 99.9997% efficiency.  Processes that 
operate with "six sigma quality" over the short term 
are assumed to produce long-term defect levels below 
3.4 defects per million opportunities. 

Accuracy and Precision   Accuracy is defined as the 
degree of closeness of a measured or calculated 
quantity to its actual (true) value (also referred to as 
the Systematic Error – SE).  Precision is the degree of 
mutual agreement among a series of individual 
measurements or values (also referred to as the 
Standard Deviation – SD).  To limit the number of 
misclassification errors, accuracy and precision must 
be very high, otherwise drivers may be incorrectly 
classified as being over the threshold (false 
positives), or below the legal limit (false negatives).  

Speed of measurement   Another important 
performance requirement is that time to measurement 
be very short.  Sober drivers should not be 
inconvenienced each and every time they drive their 
vehicle by having to wait for the system to function.  
Current breath-based alcohol measurement devices 
can take 30 seconds or more to provide an estimate of 
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BAC.  However, it was determined that the DADSS 
device should take no longer to provide a 
measurement than the current industry standard time 
taken to activate the motive power of the vehicle, 
approximately 300-350 milliseconds.  

BACKGROUND 

When embarking on the development of a new 
technology or taking an existing one to a new 
unheard of level of performance one needs to 
consider the words of Dale Carnegie “Begin with the 
end in mind”.  One method to do that is to consider 
the voice of the customer at the beginning of the 
project and then develop specifications which meet 
those “voices” and finally a product which fulfills the 
specifications.  A tool made popular in the 1980s and 
1990s which is still used today is Quality Function 
Deployment (QFD).  QFD begins with the voice of 
the customer or customer needs and then allows one 
to develop specifications which meet those needs and 
balance potential conflicts between those needs. 

The DADSS Subsystems development has multiple 
customer needs to be considered but of the many, 
there are a few which may be considered the most 
critical and in fact challenging.  These critical needs 
are accuracy, precision and response time. Table 1 
shows the relationship strength between the customer 
needs and the Performance Specifications. 

Table 1. Customer needs and performance 
specificaitons relationship strength 

Customer 
Needs 

Accuracy Precision 
Response 

Time 
If I am not 
over the 
limit, it 
needs to 
know that 
and let me 
drive 

Strong Moderate N/A 

The device 
must 
consistently 
give a 
correct 
reading 

Moderate Strong N/A 

If I am over 
the legal 
limit it 
should not 
let me drive 

Strong Strong N/A 

I want the 
vehicle to 
start 

N/A N/A Strong 

quickly 
 

PERFORMANCE SPECIFICATIONS 

The DADSS Subsystem, shown in Figure 1, is a non-
invasive sensing mechanism to determine the BAC of 
an intended motor vehicle operator. The Subsystem is 
intended to be part of the normal driver interface. It 
provides BAC information to the Vehicle Decision 
Module (VDM) and informs it of its health status (i.e. 
system is functional, not tampered with, etc…) 

 

Figure 1. Example of a DADSS Subsystem Context 
Diagram 

Subsystem Content 

The DADSS Subsystem is comprised of: 

• Sensor 
• Signal Processing Unit 

The Subsystem should be developed so that it is 
capable of sensing motor vehicle operator BAC 
values ranging from 0.01% to 0.12 % (1.5 times the 
legal limit in all 50 states), and activate the sensor no 
later than activation of motive power of the vehicle. 

It should determine BAC value in no more than 325 
milliseconds from sensor activation to completion of 
communications with the VDM and 400 milliseconds 
from sensor recycle/reset to completion of 
communications with the VDM. The time required 
for sensor activation and recycle is based on current 
immobilizer technology time requirements. Further, 
the Subsystem is anticipated to interface with the 
immobilizer and current immobilizer technology is 
judged to be transparent or non-intrusive to vehicle 
operators. 

Environmental Performance Requirements 

The DADSS Subsystem should be designed and 
developed so it conforms to ISO Standards 16750-2, 
16750-3, 16750-4, 20653-2, and 12103-1 for 
environmental requirements where applicable. 

Interfaces 

Interfaces between the DADSS Subsystem and the 
vehicle driver shall be designed and implemented in a 
manner to measure BAC non-invasively. Interfaces 
between the DADSS sensor and the DADSS SPU 

 

DADSS 
SUBSYSTEM 

VEHICLE 
DECISION 
MODULE 

POWERTRAIN
CONTROL 

MODULE OR 
EQUIVALENT 

DRIVER INFORMATION 
INTERFACE 

Data Network 
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shall perform in a manner to minimize the risk of 
manipulation by the vehicle owner, its authorized 
drivers, or other parties. Such techniques may include 
shielding of interfaces, rolling counters, or encrypted 
communication. Interfaces between the DADSS 
Subsystem and the vehicle Subsystems shall be 
designed and implemented in a manner that supports 
encrypted communication requirements. 

Performance 

The DADSS Subsystem shall have all functions 
tested to reflect 187,500 miles / 15 years (Lu, 2006), 
and shall be tested at the following five points to the 
number of samples shown in Table 2 with no failures: 

1. Tmax, Vmin 
2. Tmin, Vmin 
3. Tmax, Vmax 
4. Tmin, Vmax 
5. Tnom, Vnom 

Where, 
V = Electrical supply voltage  
T = Temperature cycle 

The functional tests shall be performed on each 
sample before and after Environmental Testing to 
demonstrate CPK (Process Capability Index) > 1.72 
[3], where CPK is a statistical measure of process 
capability, or the ability of a process to produce 
output within specification limits.  

Table 2. DADSS Subsystem reliability requirements 
validation 

 Validation
Number of 

Samples 

Validation Test & 
Parameters 

Mechanical   
Vibration 23 ISO 16750-3, section 

4.1.2.4 or section 4.1.2.7 
Mechanical 
Shock 

23 ISO 16750-3, Section 
4.2.2 

Free Fall 23 ISO 16750-3, Section 4.3 
Climatic   
Tests at Constant 
Temperature 

23 16750-4, Section 5.1 

Temperature 
Steps 

23 16750-4, Section 5.2 

Temperature 
Cycling 

23 ISO 16750-4, Section 
5.3.1 (with 1000 cycles) 
and Section 5.3.2 (with 
100 cycles) 

Salt Spray 23 ISO 16750-4, Section 
5.5.1 (severity 5) and 
Section 5.5.2 

Humid Heat 
Cyclic 

23 ISO 16750-4, Section 5.6 
(Test 2) 

Damp Heat 
Steady State 

23 ISO 16750-4, Section 5.7 

Electrical   
Electromagnetic 
Compatibility 
(EMC) 

3 IEC standards CISPR 25 
and 61000-4-21 in 
addition to ISO standards 
7637-2, 7637-3, 10605, 
11452-2, and 11452-4  
Radiated Emissions, 
Component Tests 
Bulk Current Injection, 
Component Tests 
Radiated Immunity, 
Component Tests 
Conducted Transient 
Emissions and Immunity, 
Component Tests 
Electrostatic Discharge 
(ESD), Component Tests 

Electrical Loads 3 ISO 16750-2 
Enclosure   
Protection 
Against Dust 

23 ISO standard 20653 (code 
IP5KX) using ISO 12103-
1, A2 fine test dust 

Protection 
Against Water 

23 ISO standard 20653 (code 
IPX2) 

Interfering Compounds 

In demonstrating the validity of an alcohol 
measurement system (breath or touch) the possibility 
of interference by other substances in both breath and 
touch exists. Therefore it is critical that the DADSS 
Subsystems are able to provide accurate values in the 
presence of interferening substances. 

Breath-Based Subsystems - The breath-based 
DADSS sensor shall comply with IEC 60529, 61010, 
EN 50436-2, and ISO 7637-2. The sensor shall 
provide accurate BAC values in the presence of the 
following air borne substances introduced by the 
driver: 

• Perfume 
• After shave 
• Tobacco smoke 
• Mouthwash 
• Disease-state halitosis containing sulfur 

or ketones 

A breath-based sensor system shall not detect over 
the threshold value in the presence of the following 
substances and concentrations in the ambient air; 

• Acetaldehyde (0.08 mg/L)  
• Acetone (0.25 mg/L) 
• Carbon monoxide (0.10 mg/L) 
• Diethyl ether  (0.15 mg/L) 
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• Ethyl acetate (0.08 mg/L) 
• N-Heptane (0.10 mg/L) 
• N-Hexane (0.10 mg/L) 
• Methane  (0.15 mg/L) 
• Methanol (0.05 mg/L) 
• N-octane (0.10 mg/L) 
• N-pentane (0.10 mg/L) 
• 2-propanol (0.05 mg/L) 
• Toluene (0.10 mg/L) 

 

Touch-Based Subsystems - The touch-based 
DADSS sensor shall comply with IEC 60529, 61010, 
and ISO 7637-2. The sensor shall provide accurate 
BAC values in the presence of the following 
substances on the arm and hand of the driver: 

• Perfume 
• After shave 
• Tobacco 
• Antibacterial soap 
• Lotion 
• Hand cleaner 
• Suntan lotion 
• Vehicle Fuel 
• Paint 
• Grease 
• Dirt/Soil 
• Food 

The touch-based sensor system shall not detect over 
the threshold value in the presence of any 
contaminant in ambient air. 
 

• Acetaldehyde (0.08 mg/L)  
• Acetone (0.25 mg/L) 
• Carbon monoxide (0.10 mg/L) 
• Diethyl ether  (0.15 mg/L) 
• Ethyl acetate (0.08 mg/L) 
• N-Heptane (0.10 mg/L) 
• N-Hexane (0.10 mg/L) 
• Methane  (0.15 mg/L) 
• Methanol (0.05 mg/L) 
• N-octane (0.10 mg/L) 
• N-pentane (0.10 mg/L) 
• 2-propanol (0.05 mg/L) 
• Toluene (0.10 mg/L) 

 

Accuracy and Precision 

In order to better understand the DADSS Subsystem 
accuracy and precision, the DADSS Program Team 
started with the requirements for Evidential Breath 
Testing devices currently being used to measure the 
BrACs of drivers arrested for DWI. They are: 

• Accuracy (SE) = 0.005 %BrAC 

• Precision (SD) = 0.0042 %BrAC 

According to U.S. Bureau of Transportation 
Statistics, there are 327 billion trips taken annually by 
personal vehicle in the US (Santos, 2011). According 
to NHTSA, drivers who have consumed alcoholic 
beverages within two hours of starting their driving 
(drinking-driving) trip made an estimated 906 million 
trips. Of these trips, 11% (100 million) were 
estimated to be made by a driver with a BAC level of 
.08 or. An additional estimated 12% (109 million) of 
trips were made when the driver’s BAC was between 
.05 and .079 (Dawn, 2001) as shown in Figure 2. 

 

Figure 2. Percent of all drinking-driving trips, by 
calculated estimate of BAC (Dawn, 2001) 

To better understand the effect of precision on the 
development of the DADSS Subsystem the total 
driving population have been grouped into the 
following groups: 

1. Population with BAC < 0.05, a population 
that cannot be inconvenienced  

2. Population with 0.05 <BAC< 0.079, a 
population that can potentially be asked to 
re-test 

3. Population with BAC>0.08, a population 
that will not be allowed to drive  

Assume that there are a total of 109 million drinking-
driving trips per year at BAC between .05 and .079. 
The total number of people within this group that will 
be inconvenienced or asked for a re-test is dependent 
on the number of standard deviations as shown in  

Table 3. 

Table 3. Potential number of people asked to re-test 

Standard 
Deviation 

Population 

3σ 294,300 

4σ 10,464 

0.00-0.049, 
77% 

0.05-0.079,  
12% 

0.08+, 
 11% 
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5σ 37 

6σ 0.2 

 

Since the project aims to develop unobtrusive in-
vehicle alcohol detection technologies, the sensors 
should be developed with a 6σ requirement. The 
following text outlines the rationale for selecting a 
threshold at which a retest is required, based on 
current device performance, to prevent nearly all 0.08 
BAC drivers from operating their vehicles.  
Subsequently, we discuss how this threshold changes 
as device performance improves.   

Assume we have a population with a mean BAC of 
0.08. Some customers will read above the mean and 
some will read below the mean. Applying the 6σ 
requirement using the accuracy and precision 
requirements outlined above (an SD 0f 0.0042 and 
SE of 0.005) will prevent drivers with BACs as low 
as 0.0498 from driving, and permit drivers with BAC 
of up to 0.1102 of to drive (Figure 3).  

 

 

Figure 3. Six Sigma distribution using evidential 
breath testing SE and SD. 

This performance is not acceptable since no one who 
registers a BAC of 0.08 or above should be allowed 
to drive. Therefore a mean shift to 0.0498 will be 
required to ensure that no one at or above 0.08 is 
allowed to drive. This will mean that drivers with 
BAC as low as 0.02 may prevented from driving 
(Figure 4). This performance is not acceptable since 
there is the potential to inconvenience people with 
very low BACs.  

 

Figure 4. Six Sigma distribution using evidential 
breath testing SE and SD with a mean shift to 

0.0498 

The above examples highlight the issues associated 
with the mean and precision. In this case pecision is 

too large; hence the range is too large. To improve 
the performance of the Subsystem a tighter precision 
will be required.  

Assuming the same population distribution as the 
previous two examples with a mean of 0.08 and 
instead we will use precision of 0.0003 and accuracy 
of 0.0003. Applying the 6σ requirements will 
potentially prevent drivers with BAC as low as 
0.0779 from driving and permit drivers with BACs of 
up to 0.0821 to drive (Figure 5). Although this 
represents a great improvement in performance, it is 
still not acceptable to allow anyone with a BAC at or 
above 0.08 to drive. As in the previous example, a 
mean shift to 0.077 will be required to prevent 
anyone at or above a BAC of 0.08 to drive. With this 
mean shift, no one at or above 0.08 BAC will be 
allowed to drive and people as low as 0.0749 BAC 
potentially will be required to re-test (Figure 6). 

 

 

Figure 5. Six Sigma distribution using a specified 
SD and SE of 0.0003 

 

Figure 6. Six Sigma distribution using a specified 
SD and SE of 0.0003 with a mean shift to 0.0779 

Therefore, by tightening SD and SE to 0.0003 and 
requiring six sigma performance, a mean shift of 
threshold to 0.0779 BAC will minimize the risk of 
having a driver with a BAC at or above 0.08 allowed 
to drive and prevent a driver with BACs as low as 
0.0749 from driving; an acceptable Subsystem 
performance specification. 

Based on the above data, the DADSS Subsystem 
shall be designed and tested to meet the SE and SD 
shown in Table 4 measured to a standard calibrated 
device that will be determined at a later stage of this 
project. 

Table 4. DADSS Performance Specifications (% 
BAC or % BrAC) 

BAC 
-6σ=0.0498 0.08 +6σ=0.1102

F
re

qu
en

cy

SD=0.0042
SE=0.005

0.0196                        -6σ =0.0498 0.08 +6σ =0.1102

F
re

qu
en

cy

BAC 

SD=0.0042
SE=0.005

BAC 
-6σ=0.077 0.08 +6σ=0.0821

F
re

qu
en

cy

SD=0.0003
SE=0.0003

0.0749              -6σ =0.0779 0.08 +6σ =0.0821

F
re

qu
en

cy

BAC 

SD=0.0003
SE=0.0003
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Ethanol 
concentration  SE SD 

0.020 0.0010 0.0010 

0.040 0.0010 0.0010 

0.060 0.0007 0.0007 

0.080 0.0003 0.0003 

0.120 0.0010 0.0010 

 

CONCLUSION 

The performance standards for the adoption of 
passive/non-invasive in-vehicle alcohol detection 
devices must be much more rigorous, with high 
accuracy, precision, and speed of measurement if 
they are to cause minimal inconvenience to the sober 
driver, and deter the vehicle from being driven when 
the driver’s BAC exceeds the legal limit. 

To limit the number of misclassification errors, it was 
determined that accuracy and precision must be very 
high, otherwise drivers may be incorrectly classified 
as being over the threshold, or below the legal limit. 
Furthermore, the DADSS devices should take no 
longer to provide a measurement than the current 
industry standard time taken to activate the motive 
power of the vehicle so that the sober drivers are not 
inconvenienced each and every time they drive their 
vehicle by having to wait for the system to function.   
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ABSTRACT 

 
Alcohol-related traffic crashes and deaths remain a major problem in the United States as 2014 data revealed that there 
were 32,675 traffic fatalities that year, with 31% of them being related to alcohol. The National Highway Traffic 
Safety Administration (NHTSA) and the Automotive Coalition for Traffic Safety (ACTS) began research in February 
2008 aimed at identifying potential in-vehicle approaches to the problem of alcohol-impaired driving that are sensitive, 
reliable and less intrusive than ignition interlocks. The Driver Alcohol Detection System for Safety (DADSS) was 
created, and two passive technologies based on breath- and touch (tissue)- based systems for detecting alcohol were 
selected to be tested against a research grade hand-held breathalyzer device and venous blood. 

Healthy male and female volunteers (age 21-40) signed an Institutional Review Board (IRB)-approved informed 
consent and participated in experiments in which they consumed 0.9 g/kg of alcohol (vodka) under a variety of 
drinking regimens and scenarios that mimicked real-life situations. The volunteers then provided passive breath and 
tissue (i.e., finger touch) samples and had their blood drawn for subsequent quantification of alcohol via gas 
chromatography. The lag time of appearance of alcohol in each sample as well as peak concentration, time to peak, 
and elimination rate were the primary dependent variables. The overall aim of the experiments was to test whether the 
alcohol levels measured by the two prototype devices correlate with venous blood under the following scenarios: lag 
time, eating a snack, eating a full meal, exercising, and “last call”.  

The lag time experiment revealed that the order of alcohol appearance after drinking was (from quickest to 
slowest): breath, blood, and tissue, although the early breath samples were contaminated by mouth alcohol. However, 
the concentration-time curves for both prototype devices paralleled that of blood. Similar profiles were observed in 
the “last call” experiment with a “surge” of alcohol being observed after an extra drink was consumed during the 
distribution phase. The exercise scenario revealed similar profiles, although the touch-based device registered a 
slightly higher alcohol level. Finally, the two eating scenarios indicated that blood alcohol concentrations were lower 
after consuming a meal compared to a snack, and breath and touch samples reflected these patterns. 
 The sample size of 10 individual participants is small, but individuals served as their own controls by participating 
in more than one experiment. Furthermore, the study is ongoing and so the sampling limitation will be addressed. The 
data support the proof-of-concept that passive technologies can detect alcohol quickly and are not affected by many 
of the common scenarios that alter blood alcohol concentrations. Such devices, if proven to be reliable and 
reproducible with additional human testing, represent a significant technological breakthrough in strategies to reduce 
alcohol-impaired individuals from driving a vehicle and causing injuries and/or deaths. 
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INTRODUCTION 
 
Excessive alcohol consumption is responsible for 
approximately 88,000 deaths and 2.5 million years of 
potential life lost (YPLL) in the United States each year 
(CDC, 2013). Binge drinking (consuming 4 or more 
drinks per occasion for women; 5 or more drinks per 
occasion for men) is responsible for more than half of 
the deaths and two-thirds of the YPLL due to excessive 
drinking (Stahre et al., 2004) and is associated with 
many health and social problems, including alcohol-
impaired driving, interpersonal violence, risky sexual 
activity, and unintended pregnancy (Naimi et al., 2003). 
Most people under age 21 who drink, report binge 
drinking, usually on 2-3 times per week (Miller et al., 
2006). 
 
Alcohol-related traffic accidents and deaths remain a 
major problem in the United States as recent data 
indicate that there were 35,092 traffic fatalities in 2015, 
with 29% (10,176) of them alcohol related (DOT, 2016). 
This report also revealed that every day, almost 30 
people in the United States die in motor vehicle crashes 
that involve an alcohol-impaired driver.  This translates 
to one death every 51.5 minutes. The annual cost of 
alcohol-related crashes totals more than $59 billion 
(Blincoe et al., 2015). And while the focus is often on 
the number of deaths attributed to alcohol-impaired 
driving, the number of injuries and destruction to 
personal and public property is staggering: 
 

1. In 2015 10,176 people were killed in alcohol-
impaired driving crashes, accounting for 29% 
of all traffic-related deaths in the United States, 
but an increase of 3.2% from the previous year 
(DOT, 2016). 

2. Alcohol-related fatalities on the highway by state 
ranged from 16% in Utah to 43% in Rhode 
Island (DOT, 2016). 

3. Of the traffic fatalities among children under the 
age of 14 years and younger in 2014, 19% 
involved an alcohol-impaired driver (DOT, 
2015). 

4. Of those 200 children ages 0 to 14 years who died 
in alcohol-impaired driving crashes in 2013, 
over half (121) were riding in the vehicle with 
the alcohol-impaired driver (DOT, 2014). 

5. Drunk driving costs the United States $199 
billion a year (NHTSA, 2015). 

6. In 2010, over 1.4 million drivers were arrested for 
driving under the influence of alcohol or 
narcotics (DOT, 2011). This only represents 
1% of the 112 million self-reported episodes of 
alcohol-impaired driving among U.S. adults 
each year (Bergen et al., 2011). 

7. Drugs other than alcohol (e.g., marijuana, 

cocaine) are involved in approximately 18% of 
motor vehicle driver deaths. These other drugs 
are often used in combination with alcohol 
(Jones et al., 2003). 

 
What makes these data even more important is the fact 
that alcohol-related deaths on the highway are vastly 
underreported (Castle et al., 2014) because many states 
do not require blood alcohol testing on all fatalities. 
Laboratory and on-road research shows that the vast 
majority of drivers, even experienced drivers, are 
significantly impaired at the blood alcohol concentration 
(BAC) legal limit of 0.08% with regard to critical 
driving tasks such as braking, steering, lane changing, 
judgment and divided attention. Decrements in 
performance for drivers at a BAC of 0.08% are on the 
order of 40 - 60% worse than when they are at a BAC of 
0.00%. Research findings suggest that the most crucial 
aspect of impairment is the reduction in the ability to 
handle several tasks at once. This skill is precisely what 
driving a motor vehicle requires.  
 
Case studies reveal that an elevated relative risk of 
crashing begins at 0.05 – 0.06% BACs with an 
accelerating increase in risk at BACs greater than 0.10% 
(Blomberg et al., 2005) and that the impact of alcohol is 
much greater than other drugs (Romano et al., 2013). 
Drivers with a BAC of 0.08% or higher involved in fatal 
crashes were seven times more likely to have a prior 
conviction for driving while intoxicated (DWI) than 
were drivers with no alcohol in their system (7% and 
1%, respectively) (DOT, 2014). Thus, there is 
overwhelming evidence that ethyl alcohol adversely 
affects driving performance by impairing skills that are 
critical to properly operating a motor vehicle. These 
include judgment, visuospatial recognition, reaction 
time and time estimation. In the aggregate, the effects of 
alcohol significantly interfere with an individual’s 
ability to divide his or her attention to the many rapidly 
changing elements that occur while driving. There are 
three fundamentally different types of individuals who 
drive while under the influence of alcohol (Hedlund, 
1994): 
 

1. “normal” drivers who are social drinkers. Such 
drivers may miscalculate the effects of 
alcohol on their performance. Alcohol 
increases their crash risk and their crash 
rates would decrease substantially if they 
did not drive after drinking. 

2. “high-risk” drivers. These are frequent 
drinkers, for whom alcohol abuse “may be 
just another manifestation of risk-taking 
behavior or may enable this behavior by 
removing what inhibitions they have.” 
Abstaining may not have as much of an 
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impact on reducing their crash rates. 
3. “alcoholics”, for whom alcohol abuse is an 

integral part of life and abstaining would 
require a complete lifestyle change. If they 
abstained, their crash rates should drop 
significantly. 

 
A passive alcohol detection system could easily help all 
three of the above types of drinkers. The challenges 
presented to law enforcement and the medical 
community is to minimize the impact that alcohol has on 
driving performance. Treatment for alcohol abuse or 
dependence is desirable, but that might not be realistic 
because it if often sought only after a significant event 
has happened. Thus, it is deemed far more desirable to 
prevent the disease or disorder than to have to deal with 
the consequences. The prevention model is significantly 
favorable to the treatment model when you consider the 
burden to health and well-being as well as the substantial 
financial impact of alcohol use disorders. As an analogy, 
every dollar invested in school-based substance abuse 
prevention programs has the potential to save up to $18 
in costs related to substance use disorders (Miller and 
Hendrie, 2009), which translates into saving $7 in future 
costs for every $1 spent on prevention measures. 
 
This valuable epidemiological data from over three 
decades of research in the drug abuse field is now being 
applied to contend with the issue of the alcohol-impaired 
driver. The historical perspective of both regulatory (i.e., 
interlock systems) and voluntary methods to reduce the 
impact of driving while intoxicated has been well 
documented (Ferguson et al., 2009). The focus is on 
developing a passive system that requires little or no 
action by the driver in order to quickly and accurately 
assess BAC in order to render the vehicle inoperable if 
the reading is above the legal limit. The fundamental 
aims and goals of the Driver Alcohol Detection System 
for Safety (DADSS) program have been articulated and 
punctuated with successful initial Phase I testing 
completed (Ferguson et al., 2011). 
 
The Challenge to In-Vehicle Technology—DADSS  
The Driver Alcohol Detection System for Safety 
(DADSS) Program is a cooperative research partnership 
that was initially signed in 2008 and renewed in 2013 
between the National Highway Traffic Safety 
Administration (NHTSA) and the Automotive Coalition 
for Traffic Safety (ACTS) that was formed to conduct 
research on the feasibility of using in-vehicle, 
noninvasive, passive technology to reduce and/or 
prevent alcohol-impaired driving. The DADSS website 
can be found at http://www.dadss.org. Members of ACTS 
comprise motor vehicle manufacturers representing 
approximately 99 percent of light vehicle sales in the U.S 
(BMW, Chrysler, Fiat Chrysler Automobiles, Ford, 

General Motors, Honda, Hyundai, Jaguar/Land Rover, 
Kia, Mazda, Mercedes Benz, Mitsubishi Motors, 
Nissan, Porsche, Subaru, Toyota, Volkswagen, and 
Volvo). The success of this program will depend upon 
driver acceptability (many of whom do not drink 
alcohol), which means that the system must be reliable 
as well as unobtrusive and not interfere with driving 
mechanics. Furthermore, the system must be durable 
and require little or no maintenance. The cooperative 
agreement’s first task was to select the technologies on 
which to base the program, and then determine if they 
are consistent with concurrent blood alcohol 
concentrations (BAC). The coalition elected to pursue 
both a breath-based (BrAC) and a tissue-based (TiAC) 
system and support the development and testing of two 
prototypes that could be installed in vehicles. A more 
extensive review and update of the program is provided 
by Zaouk et al., 2015). 
 
The fundamental challenge is to ensure that the levels of 
alcohol that are detected by the passive technology 
incorporated into the DADSS system do, in fact, reflect 
the concentration that is in venous blood, which is the 
gold standard of measurement. However, it is important 
to note that many of the factors identified below will also 
affect any standard method of measuring BAC that 
would be used by law enforcement. What is critical to 
this examination is to identify factors that could have a 
differential effect on the BAC measured by passive 
alcohol detection devices from levels measured via 
blood or breath using conventional methods. The next 
step is to design and carry out experiments that will 
improve their precision and reliability under a wide 
number of conditions.  
 
One of the major goals of the DADSS system is to avoid 
a false negative (that is, allow an individual whose BAC 
is above the legal limit of 0.08% to drive the vehicle). 
This defeats the underlying purpose of the program. 
However, a false positive (that is, preventing the vehicle 
from being driven when the driver’s BAC is below the 
legal limit of 0.08%), will undoubtedly raise concern 
and may deter public support for the program.   
 
In order to assess the reliability, reproducibility, 
precision, and accuracy of these technologies, they must 
be tested under different “scenarios” in which the public 
is likely to engage. As previously mentioned, the gold 
standard for quantifying the amount of alcohol in an 
individual’s system is via a blood sample that is 
processed using gas chromatography with a Flame 
Ionization detector (Lex et al., 1988; Lukas et al., 1986, 
1992; Penetar et al., 2008). We incorporated the serial 
sampling technique developed over the past three 
decades to test the performance of these prototype 
devices under real-life conditions.    
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Blood Alcohol Concentration (BAC) Standards 
BAC remains the standard for documenting the amount 
of alcohol in the body (Tiscione et al., 2011) because 
alcohol is ubiquitous with water and so alcohol 
concentrations equilibrate throughout the body and 
brain very quickly once absorbed. Because of this direct 
relationship, BACs parallel changes in psychomotor 
performance and subjective reports of intoxication 
(Grant et al., 2000; Tagawa et al., 2000; Lukas et al., 
1986, 1989a, b).  
 
While blood is the standard biological sample, it is not 
the most convenient to collect. For many years forced 
breath samples have been an accepted surrogate for 
BAC, though breath is more closely related to arterial 
than venous blood (Martin et al., 1984). This is because 
the air in the lungs exchanges with the alveoli capillaries 
that are an extension of the pulmonary arteries. Forced 
breath sampling is the basis behind a wide range of 
hand-held breathalyzers, evidentiary breath (e.g., 
Nanopuls Evidenzer™), and the Breath Alcohol Ignition 
Interlock Devices (BAIID). A DWI offender is required 
to use a BAIID by either a court or by state law 
administered by the state licensing agency. While the 
method used to quantify alcohol concentrations in breath 
samples differ, these devices share one common 
element—the subject must exhale forcibly into a 
mouthpiece for a specified amount of time to obtain a 
valid reading. These devices lack the appeal of 
measuring alcohol passively and therefore limit their 
utility in a continuous drunk driving deterrent system. 
 
Transdermal sampling (i.e., sweat) has been explored, 
(Swift, 1993), but reflects alcohol vapor that evaporates 
from the skin surface and so is not temporally linked to 
blood.  In contrast, tissue measurements that use an 
optical probe to direct NIR radiation into the dermal 
layer of the tissue and collect the radiation that is 
diffusely reflected to the tissue surface directly 
interrogates the aqueous alcohol present in the 
interstitial fluid of the dermis (Ridder et al., 2005, 2009, 
2011). In this regard, the critical distinction between 
transdermal and tissue alcohol measurements is that the 
latter is more dynamically related to the rapidly 
changing BAC while the former is more sluggish and 
therefore cannot be equated to alcohol-induced 
impairment. 
 
 
The Technologies 
In an attempt to provide a comprehensive coverage to 
increase accuracy, two different technologies were 
selected to be integrated. The first is a passive breath-
based system and the second is a touch-based system 
that detects tissue alcohol concentration.  
 

Breath-Based Technology 
Breath-based systems use an approach similar to tissue 
spectrometry, in that they utilize the mid infrared (MIR) 
region of the electromagnetic spectrum (2.5 - 25 µm), 
but no skin contact is required. The approach under 
development aim to remotely analyze alcohol in breath 
within the vehicle cabin without the driver having to 
specifically provide a deep-lung breath sample. The 
working principle of the sensor is to use measurements 
of expired carbon dioxide (CO2) as an indication of the 
degree of dilution of the alcohol in expired air. Normal 
concentration of CO2 in ambient air is close to zero. 
Furthermore, CO2 concentration in alveolar air is both 
known and predictable, and remarkably constant. Thus, 
by simultaneously measuring CO2 and alcohol, the 
degree of dilution can be compensated for using a 
mathematical algorithm. According to Hök (2006), the 
ratio between the measured concentrations of CO2 and 
alcohol, together with the known value of CO2 in 
alveolar air, can provide the alveolar air alcohol 
concentration. The sensor technologies under 
development use MIR spectroscopy for both alcohol and 
CO2 and is manufactured by the Autoliv team comprised 
of Hök Instrument and Sensair (Sweden). The MIR-
based sensors can be stable over the full 
product lifetime, eliminating the need for recurrent 
calibrations (Figure 1). 
 

 
Figure 1. Passive breath detector (Autoliv). 
 
For in-vehicle use, the system could employ multiple 
sensors placed strategically around the cabin of the 
vehicle close to the driver. The challenge is to determine 
the number and placement of sensors needed to measure 
alcohol quickly and accurately given the dynamics of 
the cabin air, and to ensure that there is no potential bias 
introduced as a result of passengers who may have been 
drinking. 
 
 
Touch-Based Technology 
Tissue spectrometry systems, also known as near 
infrared (NIR) spectrometry, this is a noninvasive 
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approach that utilizes the near infrared region of the 
electromagnetic spectrum (from about 0.7 to 2.5 µm) to 
measure substances of interest in bodily tissue. The 
measurement begins by illuminating the user’s skin with 
NIR light which propagates into the tissue (the skin must 
be in contact with the device). The beam of light can 
penetrate tissue at depths of up to 5 mm to reach the 
dermal layer where alcohol that is dissolved in water 
resides. A portion of the light is diffusely reflected back 
to the skin’s surface and collected by an optical touch 
pad. The light contains information on the unique 
chemical information and tissue structure of the user. 
This light is analyzed to determine the alcohol 
concentration and, when applicable, verify the identity 
of the user. Because of the complex nature of tissue 
composition, the challenge is to measure the 
concentration of alcohol (sensitivity) while ignoring all 
the other interfering analytes or signals (selectivity). 
 
Although the entire NIR spectrum spans the 
wavelengths from 0.7 - 2.5 µm, the device currently 
under study (TruTouch Inc., Riverside, CA) uses the 
1.25 - 2.5 µm region because of its high sensitivity and 
selectivity for alcohol. The 0.7 - 1.25 µm region of the 
NIR spectrum is limited by the presence of skin 
pigments such as melanin that can create large 
differences among people, particularly of different 
ethnicities. In contrast, the longer wavelength portion of 
the NIR, from 1.25 - 2.5 µm, is virtually unaffected by 
skin pigmentation (Anderson et al., 1981). One other 
advantage of using this region of the spectrum is that the 
alcohol signal in the 1.25 - 2.5 µm region is hundreds of 
times stronger than the signal in the 0.7 - 1.25 µm part 
of the NIR. 
 
The TruTouch prototype system is based on a 
proprietary Fourier transform spectrometer coupled with 
a compact, fiber optic touchpad with which the user 
interfaces. To conduct a test, the user places an 
intermediate phalange of the index finger onto the fiber 
optic touchpad (Figure 2). The prototype automatically 
detects the presence of the finger and initiates an alcohol 
test. Once the spectral data have been collected, 
automated quality control metrics ensure that the test 
sample is a valid human finger and that all test 
parameters are within acceptable limits. An alcohol test 
result then is calculated and displayed on-screen. 
 
The prototype system is a stand-alone test unit with the 
sensor, data processing unit, and operating software 
fully contained inside the unit. For operation in 
benchmark testing, a PC-based application is run on an 
external computer and communicates with the prototype 
via a wired Ethernet connection. This setup allows for 
flexible configuration and data logging requirements for 
this phase of testing. All data collection, quality control 

screening, and measurement calculations are performed 
within the prototype itself. 
 

 
Figure 2. The Touch-based system currently being 

studied (TruTouch). 
 
 
METHODS 
 
Participants 
A total of 10 healthy adult male and female volunteers 
between the ages of 21-40 were recruited via online 
advertisements to participate in the studies, for which 
they were compensated. Most individuals participated in 
more than one experiment, providing within-subject 
comparisons. All participants were well matched by age, 
sex, ethnicity, body mass index (BMI), and current 
alcohol consumption (Table 1). The protocol and 
informed consents were approved by the Partners 
Healthcare Institutional Review Board (IRB). 
Individuals received a full physical and mental 
evaluation before being admitted. On each test day, they 
received a breath alcohol test, a urine toxicology screen, 
and urine pregnancy test (women) – all had to be 
negative before the study could proceed. 
 
 

Table 1. Demographic profile of participants in 
each of the drinking scenarios 
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Participants were not permitted to drive themselves to 
the laboratory but were instead required to take a 
taxicab. Participants were required to remain in the 
laboratory until their BAC dropped to below 0.04% and 
they were able to pass a field sobriety test.  
 
General Procedure 
Each of the scenarios involved inserting an indwelling 
intravenous catheter (Dakmed-Kowarski Thrombo-
Resistant Catheter) into participants’ arms that was then 
attached to an exfusion pump and set to draw blood at a 
rate of 1 mL/min. Participants were seating in a 
comfortable recliner chair (except for the exercise 
scenario) while they had their blood sampled, breathed 
into the Auto-Liv and reference breath device, and 
placed the back of their index finger (first intermediate 
phalange) on the TruTouch device's touchpad. 
 
Blood Alcohol Concentrations 
Blood alcohol levels were analyzed in our laboratory 
(Penetar et al., 2008). Briefly, each sample was 
collected at either 2- or 5-minute intervals, transferred to 
a gray top blood collection tube (containing EDTA to 
prevent the blood from clotting), and then inverted 10 
times to ensure proper mixing of the anticoagulant to 
ensure that a blood sample remained intact. Whole blood 
is extracted with an internal standard prepared in acid in 
the presence of sodium tungstate to precipitate out the 
proteins (Berkman et al., 1954). After centrifugation, the 
clear supernatant is transferred to vials, injected onto a 
gas chromatograph (GC) (Model 7890A, Agilent 
Technologies) and analyzed with the use of capillary 
chromatography and flame ionization detection (FID) 
(Folin and Wu, 1919). Intra-assay CVs were 1.61% and 
inter-assay CVs were 2.43%  
 
Tru-Touch Tissue Measurements 
At designated time intervals (approximately every 2 or 
5 minutes), participants were instructed to place their 
index finger (using the limb that did not have the 
intravenous catheter inserted) on the touch pad and keep 
it there for approximately 30 - 60 seconds.  
 
Auto-Live Breath Measurements 
At the designated times (approximately every 2 or 5 
minutes), participants were instructed to exhale towards 
the Auto-Liv collection funnel, capturing a relatively 
passive breath sample. 
 
Reference Breath Samples 
As an added control, breath samples were also collected 
via a hand-held research-grade device (Alco-Sensor 
FST®, Intoximeter Corp., St. Louis, MO) at the same 
time intervals as the other measures. Participants were 
required to breath directly into the mouthpiece at a 
steady force for at least 8 seconds.   

Alcohol Dosing 
All participants were dosed on the basis of their body 
weight (0.9 g/kg). Drinks were prepared fresh 
immediately prior to the experiments and included 40% 
vodka that was either taken as straight shots or mixed 
with orange juice to maintain a total volume of 400 mL. 
As the drinking scenarios differed slightly, participants 
were provided specific instructions for the rate and 
volume of the beverage that was consumed (either as a 
large bolus dose or as three drinks spread out over the 
course of 90 minutes. 
 
Scenario #1—Lag Time 
Participants consumed the entire 0.9 g/kg dose in a rapid 
manner such that all alcohol was ingested by 90 seconds.  
Because of the artificial elevations in breath alcohol 
concentration due to buccal absorption, participants 
were provided with a plain water rinse before the first 
breath sample was taken. Furthermore, only the first 
sample after two minutes had passed was recorded. 
 
Scenario #2—Social  Snacking 
Participants consumed the alcohol in three different 
episodes over a 90-minute period. During each drinking 
episode (that lasted 20 minutes), participants consumed 
1/3 of the total dose and they were asked to snack on 
pretzels and Goldfish® crackers (for a total of 220 
calories) while drinking. 
 
Scenario #3—Full Meal 
This protocol was similar to the social snacking except 
that the first 1/3 of the alcohol dose was consumed on 
an empty stomach. The next 1/3 of the total dose was 
consumed along with a first course of a typical breakfast 
(275 calories) consisting of an English muffin with 
butter and a cup of fruit. The last 1/3 dose was consumed 
along with the second course of the breakfast and 
consisted of an omelet with vegetables and cheese 
accompanied by a side order of two chicken sausages 
(375 calories for women, 500 calories for men). 
 
Scenario #4—Exercise (Simulated Dancing) 
This protocol involved having the participants consume 
the entire drink in a single bolus and then immediately 
engage in three bouts of exercise during which they 
maintained a steady energy expenditure of 450 kcal/hr 
by operating a recumbent elliptical machine. The first 
exercise episode lasted eight minutes, followed by a 
four-minute break to collect breath and tissue samples, 
followed by two additional four-minute exercise 
episodes with a four-minute break to collect samples. 
After the participant completed the exercise, they were 
moved to a comfortable chair where they remained for 
the duration of the study; blood, breath and tissue 
samples were sampled as before. 
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Scenario #5—Last Call 
This scenario was conducted by having the participants 
consume 2/3 of the total drink as a bolus beverage, and 
then wait for 70 minutes at which time the last 1/3 of the 
dose was consumed, also as a bolus. This last drink 
simulated a “last call” drink that would be consumed just 
before the individual would leave a bar and drive home. 
 
 
RESULTS 
 
General Results 
Alcohol concentration data points were averaged by 
compartment (i.e., blood, the two different breath, and 
tissue) across all participants and then were plotted over 
time. 
 
Scenario #1 Lag Time Results 
This experiment was conducted to determine in which 
of the compartments (blood, breath, or tissue) the 
alcohol would first appear after consuming a bolus dose 
of alcohol. However, because of the difficulties with 
breath sampling (due to buccal absorption), the accuracy 
of the lag time in breath was difficult to determine. As 
can be seen in Figure 3, the first appearance of alcohol 
in the breath was difficult to establish due to the very 
rapid rise in breath concentration immediately after 
consumption. Alcohol appeared in the blood within 6 
minutes, but did not show up in tissue until 14 minutes 
had passed.       
 
Peak alcohol concentrations in blood and breath samples 
were attained between 1.25 and 1.5 hours after 
consumption, while the peak alcohol concentration in 
tissue occurred 15 to 20 minutes later. These differences 
were not significant.  
 

 
Figure 3. Lag Time. Alcohol concentration/time 
curves in blood, breath and tissue after a bolus dose of 
0.9 g/kg of alcohol. 
 

Scenario #2 Social Snacking Results 
This experiment was conducted to determine if alcohol 
concentrations are different in blood, breath, or tissue 
after consuming a small snack over an extended period 
of time. In addition, the participants were required to 
remain sedentary, which is designed to simulate 
drinking alcohol while sitting at a bar. Figure 4 depicts 
the alcohol concentration by time curves for each of the 
compartments. Note that because of the continuous 
snacking and drinking protocol, it was impossible to 
obtain accurate measures of breath and tissue, so only 
the blood alcohol concentrations were obtained 
throughout the snacking period. Breath and tissue 
samples were obtained between the two breaks from 
snacking; all samples were collected once the third 
epoch had finished.    
 

 
Figure 4. Social Snacking. Alcohol concentration/ 
time curves in blood, breath and tissue during 
snacking and drinking a total dose of 0.9 g/kg of 
alcohol, distributed over three epochs. 
 
The rate of alcohol absorption during the social snacking 
scenario was significantly slower than the bolus 
drinking, but it must be remembered that the alcohol was 
consumed more slowly over a longer time interval. Even 
though the tissue sample at the 30-minute time point was 
higher than the other compartments, all achieved the 
same peak alcohol concentration within 10 to 15 
minutes after the third epoch of drinking and snacking. 
 
 
Scenario #3 Full Meal Results 
This experiment was conducted to determine if alcohol 
concentrations in each of the three compartments are 
altered after consuming alcohol along with a full meal. 
As with the social snacking, the alcohol dose was 
divided into thirds, but in this scenario, they consumed 
the first 1/3 dose on an empty stomach. After a short 
break the they started to eat the first course of the meal 
while consuming 1/3 of the alcohol dose. Finally, after 
a second short break, they consumed the second course 
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while simultaneously consuming the last third of the 0.9 
g/kg dose of alcohol. Breath and tissue samples were 
collected during the breaks while blood samples were 
collected throughout the meal period.  
 

 
Figure 5. Full Meal. Alcohol concentration/time 
curves in blood, breath and tissue during a full meal 
and drinking a total dose of 0.9 g/kg of alcohol, spaced 
over three epochs. 
 
Figure 5 shows the concentration/time curves for all 
compartments. The absorption rates were similar to 
those attained during the social snacking scenario, but 
the peak alcohol concentration after the full meal was 
lower than when the participants snacked. 
 
 
Scenario #4 Exercise Results 
This experiment was conducted to determine if alcohol 
concentrations in each compartment was affected by 
exercise. The use of a recumbent elliptical machine was 
selected for both safety and to simulate dancing with 
both arm and leg motion. Participants were given a bolus 
dose of alcohol to consume (as in the Lag Time 
experiment) and then engaged in three epochs of 
exercise. Participants were given two short breaks 
between exercising in order to permit collecting breath 
and tissue samples for alcohol determination.  
 
Figure 6 depicts the effects of exercise on alcohol 
concentrations in each of the compartments. The rate of 
alcohol absorption during exercising is steeper than the 
lag time control rate. In addition, the rate appears to 
accelerate as soon as the participants cease exercising. 
Peak alcohol concentrations were attained at about the 
same time after drinking (approximately 60-75 minutes) 
and the actual peak concentrations did not differ among 
the compartments.    
 

 
Figure 6. Exercise. Alcohol concentration/time curves 
in blood, breath and tissue after exercising and 
drinking a bolus dose of 0.9 g/kg of alcohol. 
 
 
Scenario #5 Last Call Results 
This experiment was conducted to determine the 
pharmacokinetic profile of drinking a last alcoholic 
beverage after peak alcohol concentrations had been 
attained from drinking earlier. Participants consumed 
2/3 of the total dose as a bolus and then the last 1/3 (i.e., 
“last call”) when the distribution phase had been 
attained, approximately 70 minutes after the initial 
drink.  
 
The two breath-based devices recorded the artificially 
high concentrations right after drinking, but then 
returned to concentrations that were detected in blood 
and tissue (Figure 7). Consuming the last drink caused 
an immediate rise in alcohol concentration in all 
compartments.  
 

 
Figure 7. Last Call. Alcohol concentration/time curves 
in blood, breath and tissue after in a simulated "Last 
call" scenario in which 1/3 of the dose was consumed 
70 minutes after consuming 2/3 of the total dose of 0.9 
g/kg of alcohol. 
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CONCLUSIONS 
The data clearly support the proof-of-concept that two 
different passive technologies (breath and touch) can 
detect alcohol concentrations very quickly and are not 
affected by many of the common scenarios that are 
known to alter blood alcohol concentrations. While the 
alcohol pharmacokinetic profile was altered by the 
various real-life scenarios in the present series of 
experiments, the most important observation is that the 
alcohol concentrations measured via the different 
devices (that reflect different biological compartments) 
paralleled one another. The two prototypes performed 
very well against blood and “forced” breath referential 
alcohol concentrations. The absolute concentrations 
differed, but they deviated in a predictable and linear 
manner such that recalibrations of the instruments will 
result in excellent direct correlations with blood 
concentrations. This relationship is of utmost 
importance because if these devices are going to be 
useful in curbing drunk driving, then the measured 
concentrations from these devices must accurately track 
BAC as that is the gold standard that documents driving 
while under the influence. 
 
The present series of experiments fulfilled many key 
target aims: 1) we demonstrated the feasibility of 
passive, unobtrusive breath- and touch-based alcohol 
detection systems that could eventually be placed in 
vehicles; 2) as the design of these prototype devices was 
based on infrared spectroscopy, the data collected was 
consistent and reproducible; 3) the data from the two 
prototype devices were very well correlated with the 
gold-standard method of measuring alcohol in the 
body— gas chromatography of blood samples; 4) the 
prototypes recorded the alcohol levels relatively quickly 
and tracked the changes observed in blood.  
 
The caveat of the findings, and thus a focus of the next 
phase of the research program is that the present 
prototypes required between 20–30 sec for the alcohol 
concentrations to be registered. Both engineering teams 
are working on the acquisition time intervals and the 
current devices can now detect alcohol in a shorter 
duration.  The target will be to have the detection time 
reduced to 0.5 sec so that the devices can easily function 
in an automobile environment. The two prototype 
devices have entered the next level of testing by being 
placed in test vehicles that are running in different parts 
of the country. If this phase of testing demonstrates 
similar reliability and precision in a vehicle as was 
measured in a laboratory setting, then the approach 
taken by DADSS represents a significant technological 
breakthrough in strategies to reduce alcohol-impaired 
individuals from driving a vehicle and causing injuries 
and/or death. 
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ABSTRACT 

 

The growing market share of electric lightweight vehicles requires new passive safety strategies as these 

vehicles have different behavior in accidents compared to conventional vehicles. Due to their low weight they 

could experience high deceleration pulses and intrusion levels. The main objective of this study was to 

develop a passive safety strategy for a light weight electric vehicle to give best in class occupant protection. 

Challenges involved in this study include, mainly focused on side impact: 

• The use of alternative materials for the body structure (mainly sandwich panels and foam) due to their 

failure mechanism 

• A novel seating layout with a centrally positioned driver, especially challenging for side impact  

 

Within this study two baseline and four final prototypes were built. The development of the vehicle was 

accompanied by FE-simulation. Two of the baseline prototypes were subjected to Euro NCAP MDB side and 

ODB frontal impact crash tests. These baseline crash tests served as benchmark for the development of the 

passive safety strategy and the validation of the FE-model. For side impact two critical issues have been taken 

into account, namely a high ∆v and a centered driver position which reproduces the current challenge for 

far‐side protection. Firstly, FE simulations have been done to develop the restraint systems, followed by sled 

test development loops in the main Euro NCAP load cases (MDB, Pole and ODB). With the final prototypes a 

full Euro NCAP crash assessment was performed using the ‘year 2013’ rating protocols to allow comparison 

with the baseline crash tests. 

 

The MDB side impact led to very high pulses, that couldn’t be addressed structurally due to the high mass 

ratio between barrier and vehicle. However, the results show that with the proposed restraint system using 

airbags and a four point seatbelt an adequate protection level could be reached for the centered driver for both 

MDB and pole side impacts, compared to standard vehicles. For frontal impact, the results showed that, using 

an approach of a strong compartment built from novel composite reinforced glass fiber / foam panels, 
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combined with a specially designed energy absorption module, an ‘innovative’ four -point seatbelt and a 

conventional driver airbag, resulting intrusion could be minimized and adequate protection could be offered to 

the driver. Overall occupant protection equivalent to a best in class Euro NCAP ‘year 2013’ rating was 

achieved for the vehicle. 

 

The strategy developed demonstrated equivalent protection levels based on the Euro NCAP ‘year 2013’ suite 

of tests. Since then, the Euro NCAP assessment has been further improved in terms of representativeness of 

real-world accidents. These improvements include a heavier barrier for the MDB test and the addition of a full 

width frontal test. 

 

With respect to growing market share of electric lightweight vehicles a passive safety strategy was developed 

for such vehicles based on Euro NCAP crash tests to give best in class occupant protect ion. Because of the 

centrally positioned driver, some challenges have been faced and solved, especially for side impact 

configurations. 
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INTRODUCTION 

Current pollution issues in big cities in combination 

with mobility matters of conventional vehicles with 

petrol engines has resulted in an increment of electric 

lightweight cars on the roads, which have to coexist 

with the traditional kind of vehicles. 

However, quadricycle versions of these vehicles do 

not need to fulfill the same legislation as 

conventional cars to be sold for road use, so basic, 

low level occupant restraint systems are in general 

developed for them. 

Euro NCAP expected that quadricycles would show a 

very poor performance when they were tested using 

regular procedures for conventional cars, so Euro 

NCAP developed special protocols for testing heavy 

quadricycles through two crash tests, less stringent 

than protocols for passenger cars: 

- A full-width frontal impact at 50km/h 

against a deformable element 

- And a side impact test, also at 50km/h, in 

which a deformable barrier is driven into the 

side of the vehicle. 

The assessment of 8 low weight vehicles according to 

these specific procedures [1], 4 of them assessed in 

2014 and 4 additional ones assessed in 2016, as it can 

be seen in Figure 1 and in Figure 2, has shown the 

low protection capability of these vehicles, which are 

not able to exceed a 2 star rating. 

 

 
Figure 1.  Quadricycles assessed in 2014 

according to Euro NCAP quadricycle protocols. 
 

 
Figure 2.  Quadricycles assessed in 2016 

according to Euro NCAP quadricycle protocols. 
 

This paper describes the development and the results 

of a heavy quadricycle, included inside a Project of 

the Seventh Framework Programme developed by 

the European Commission called BEHICLE: “BEst 

in class veHICLE: Safe urban mobility in a 

sustainable transport value-chain”; which has the 

target of fulfilling a rating of at least 4 stars 

according to Euro NCAP protocols for 

conventional cars of year 2013. 

In addition to the activities performed inside the 

BEHICLE project, specific Finite Element crash 

simulations have been performed to evaluate 

BEHICLE against Euro NCAP 2016 protocols and 

Euro NCAP protocols for heavy quadricycles. 

Although this paper is focused in side impact for a 

driver occupant in a Far Side configuration, results 

in frontal impact load cases have been also 

included in order to have a global view of the 

behavior of BEHICLE in Euro NCAP tests. 

 

METHODS 

In the BEHICLE program, the used method has been 

to perform as a first step preliminary crash tests with 

the non-optimized original BEHICLE vehicle 

according to Euro NCAP 2013 regular car protocols. 

These results have been used for the FE – Model 

correlation of the vehicle structure and as reference 

for the development of the passive safety strategy. 

Afterwards, restraint systems (belt and airbags) have 

been included in the FE – Model with a dummy and 

intensive simulation runs have been performed. The 

best configuration has been evaluated via sled tests 

with real vehicle environment according to Euro 

NCAP 2013 regular car protocols (ODB, MDB and 

Pole). 
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Finally, three complete prototypes of BEHICLE have 

been crash tested according to the three load cases 

evaluated by Euro NCAP 2013 (ODB, MDB and 

Pole). 

Nevertheless, assessment of BEHICLE would be 

incomplete if updated Euro NCAP protocols were not 

taken into account, so FE-Models have been also 

performed according to the Euro NCAP 2016 

assessment (FW, ODB, AE-MDB and Pole), as well 

as Euro NCAP protocols for heavy quadricycles. 

 

BEHICLE framework 

BEHICLE has been designed as a 100% electric 

vehicle without petrol engine. Instead, it is powered 

by electric engines placed in the Wheel axis fed by a 

set of electric batteries placed in a false floor under 

the cabin ground [2]. 

As one requirement of the program is the low weight 

that BEHICLE needs to achieve, the materials in 

which it is mainly made is a light weight composite 

panel with a Core of hard foam and an external cover 

of glass fiber. These 3D composite panels, which 

mainly composes the lower platform, the firewall, the 

roof, the three seats and the doors, have all the 

advantages of standard sandwich panels, but posses 

enhanced properties since it is a 3D reinforced 

composite panel such as high strength-to-weight 

ratio, high buckling and impact resistance, absence of 

delaminating and high blast energy absorption 

capability. 

Another light weight material is structural aluminum. 

Reinforcing elements between composite panels, like 

greenhouse structure or the door beams, are made of 

this material, which also offers an appropriate 

corrosion resistance, a good weldability and a proper 

cold formability. 

The third main material in which BEHICLE is built 

up is black colored EPP foams (Expanded 

PolyPropilene) with a mass density of 58 g/l to 66 g/l, 

located in the front end cover, side sill covers, seats 

and interior parts. 

Finally, Polycarbonate (PC) panels are used as 

glazing due to its thermal insulation properties and 

high resistance to impact. The outer shell is made of a 

combination of EPP parts and plastic panels, 

prototyped in BEHICLE by EPP parts. 

Other important matters concerning vehicle stiffness 

in comparison with conventional vehicles is the lack 

of a B-Pillar, which makes BEHICLE more sensitive 

to lateral crash impacts; and the lack of petrol engine 

placed in the front of the car, which could cause 

different frontal crash pulses and intrusions. A 

general view of BEHICLE car can be observed in 

Figure 3. 

 
Figure 3.  Main view of BEHICLE.  
 

Geometrically, as it is shown in Figure 4, BEHICLE 

has places for three adult occupants, in which the 

driver is centrally seated, while the two passengers 

are positioned on the rear seats behind the driver side 

by side making a triangular layout. Because of this 

configuration and the reduced space in the 

compartment, legs for rear occupants are placed on 

the right and the left of the driver. 

 

 
Figure 4.  Rear passenger placed with legs on the 

side of frontal driver in BEHICLE.  
 

Assessment and load cases 

The driver safety performance in BEHICLE has been 

evaluated in accordance with the Euro NCAP 

procedures for conventional cars in 2013 and 2016 

and the special protocols developed for testing heavy 

quadricycles [3 and 4]. 

 

Euro NCAP 2013 evaluates driver injuries 

according to three load cases (see Figure 5):  

- A frontal impact test, in which the vehicle 

drives at 64km/h towards a Deformable 

Barrier, with 40% offset (ODB) and a HIII 

50th dummy in the driver position. 

- A side impact test, in which a Mobile 

Deformable Barrier of 950kg (MDB) is 

driven into the side of the vehicle at 50km/h, 

with an ES-2 dummy in the driver position. 

- A side impact test, in which the vehicle is 

moved at 29km/h towards a rigid pole, with 

an ES-2 dummy in the driver position. 
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Figure 5.  Euro NCAP 2013 load cases. 
 

Euro NCAP 2016 evaluates driver injuries 

according to four load cases (see Figure 6):  

- A frontal impact test, in which the vehicle 

drives at 64km/h towards a Deformable 

Barrier with 40% offset (ODB), and a HIII 

50th dummy in the driver position. 

- A frontal impact test, in which the vehicle 

drives at 50km/h towards a Full Width Wall, 

with a HIII 05th dummy in the driver 

position. 

- A side impact test, in which an Advanced 

European Mobile Deformable Barrier of 

1300kg (AE-MDB) is driven into the side of 

the vehicle at 50km/h, with a World SID 

50th dummy in the driver position. 

- A side impact test, in which the vehicle is 

moved at 32km/h towards a rigid pole with 

an angle of 75 degrees with respect to the 

lateral side of the vehicle, with a World SID 

50
th

 dummy in the driver position. 

 

 
 

 
Figure 6.  Euro NCAP 2016 load cases. 

Heavy Quadricycles Euro NCAP evaluates driver 

injuries according to two load cases (see Figure 7):  

- A full-width frontal impact at 50km/h 

against a deformable barrier (FWDB), with 

a HIII 50th dummy in the driver position 

- And a side impact test, also at 50km/h, in 

which a deformable barrier of 950kg (MDB) 

is driven into the side of the vehicle, with an 

ES-2 dummy in the driver position. 
 

 
Figure 7.  Euro NCAP tests for Heavy 

Quadricycle. 
 

Devices and tools 

FE-Models. The finite element simulation model 

used for this vehicle consisted of 1 to 1.5 million of 

degrees of freedom, depending on the load case [2]. 

The simulation was carried out with the finite 

element software LS-Dyna (Livermore Software 

Technology Corporation (LSTC), Livermore, CA). 

The way to proceed has been firstly to transfer the 

linear and angular accelerations (crash pulse) of a 

point from the Full Crash FE-Models of BEHICLE 

into a BEHICLE substructure FEM to reproduce the 

global motion of the vehicle. The best area to get the 

pulse is one with high stiffness and low deformation 

and placed close to the occupants. In conventional 

vehicles, this point usually comes from the centre 

tunnel or the base of the opposite B-Pillar, but as 

BEHICLE has none of them, and because of the fact 

that the study will be focused on the driver and the 

floor of BEHICLE does not suffer high deformations, 

the optimal point to get the pulse is under the front 

seat close to the floor. 

In addition, and according to the preliminary 

information, door intrusions will be important, so in 

addition to the pulse, it will be necessary to include in 

the model the intrusions of elements of the door as 

the inner door panel and the aluminum door beam, 

depending on the type of lateral load case: 

- In MDB full crash simulation models, motion of 

the aluminum door beam and the motion of the door 

panel under the door beam have been included in the 

substructure models. 

- In Pole full crash CAE simulation models, 

motion of the aluminum door beam, the motion of the 

door panel under the door beam and the motion of the 

roof have been included in the substructure models. 

 

ODB

MDB

ODB Full Width

Pole

ODB Full Width

AE-MDB Pole

FWDB MDB
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Sled Tests. As an intermediate step to perform crash 

tests, performance of passive restraint systems has 

been evaluated via sled test. 

In these sled tests, real parts of BEHICLE which 

have a significant interaction with the dummy have 

been included in the set up to reproduce the internal 

environment of the car. In this way, and focused on 

lateral MDB and Pole load cases, frontal seat, Green 

House (roof), and left door with the aluminum beam, 

the EPP cover and the composite door panel have 

been implemented in the sled tests. 

In addition, the acceleration (pulse) of a point under 

the frontal seat has been reproduced in Y direction; 

and the motion of two points of the door has been 

replicated. 

In the case of sled tests with MDB configuration, it is 

possible to reproduce separately the deformation of 

the upper and lower part of the door due to the impact 

of the MDB barrier. Deformation of a selected point 

of the door beam has been used to reproduce the 

motion of the upper door, while deformation of a 

selected point of the composite door panel has been 

selected for the motion of the lower door.  

In the case of sled tests with Pole configuration, it is 

possible to reproduce the pole intrusion into the 

cabin, directly via a real pole through the window, 

and the deformation of the door due to the intrusion 

of the pole. In this case, only one point of aluminum 

door beam will be used to generate the sled door 

pulse. 

In addition, sled test can reproduce the V-shape 

deformation of the door caused by the pole 

penetration. 

 

Crash Tests. Final step of BEHICLE program has 

been to perform Crash Tests according to Euro 

NCAP 2013 test protocols.   

 

RESULTS 

In the BEHICLE project, passive restraint systems 

have been developed focused on Euro NCAP 2013 

test protocols (Frontal ODB, Lateral MDB and lateral 

Pole load cases), and the assessment has been done 

via FE-simulation models, sled tests and crash tests. 

However, although it is expected to perform three 

crashes according to each configuration with three 

final prototypes, only the results of the lateral crashes 

(MDB and Pole) have been included in this paper, as 

the planned ODB frontal crash test was not 

performed at the time this paper was written. 

Additionally to the Euro NCAP 2013 assessment, 

further FE simulations have been performed to assess 

BEHICLE against the Euro NCAP 2016 protocols 

and the Euro NCAP special protocols for testing 

heavy quadricycles. 

 

Preliminary results 

Prior to the integration of any restraint system, a 

lateral crash test according to MDB Euro NCAP 

2013 procedures was performed with the original, 

non-improved BEHICLE vehicle as a baseline to get 

knowledge of the structural behavior and to define 

the strategy for the definition of the restraint systems. 

Main conclusion of this first crash test was the good 

integrity and stability of the BEHICLE compartment. 

The only significant intrusions have been observed in 

the door beam. 

However, due to the low weight of BEHICLE, as 

shown in Figure 8, a high velocity of the car after the 

impact (delta-v) was observed (35 km/h). This high 

delta-v of the BEHICLE indicates a higher crash 

severity than typical for Euro NCAP side impact 

(22 km/h to 28 km/h). 

 

 
Figure 8.  Velocity comparison with a Supermini 

vehicle. 

 

Concerning dummy kinematics, the dummy’s pelvis 

impacted the door glazing (which was pushed into 

the vehicle by the barrier). Also dummy head ejection 

outside the cabin was observed. 

 

BEHICLE improvement 

Previously to the inclusion of the passive restraint 

systems into the crash simulation models, the 

correlation of the BEHICLE simulation model to the 

preliminary MDB crash tests has been performed. As 

it was observed in the preliminary MDB crash test, 

important facts to be improved were the high 

intrusion of different door elements into the cabin 

and the control of the door bending. 

In this way, the door area was redesigned in order to 

get an acceptable behavior of the door. 

The final solution to improve these matters, 

schematized in Figure 9, was based on three main 

modifications of the side structure: 

- Firstly, the material of the door panel has 

been replaced from glazing and / or EPP 

foam to a composite door panel. 
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- Secondly, a redesign of the sill area, in 

which also a composite panel has been 

included to increase the coupling of the door 

to the sill. 

- Thirdly, the door beam has been slightly 

curved outwards to abosrob the energy of 

the impact in a better way. 

 
Figure 9.  BEHICLE section in door area. 
 

Simulation runs with this door modification have 

shown an improvement in the intrusion, avoiding 

that the door panel intrudes into the cabin in MDB 

and Pole configuration, and reduced the maximal 

door beam intrusion to a value of 140mm in MDB 

configuration and 115mm in pole configuration.  

 

 
Figure 10.  Maximal Aluminum door beam 

intrusion.  
 

Restraint Systems 

Innovative restraint systems were developed and 

integrated in BEHICLE [5]. These restraint 

systems were adapted to the specific BEHICLE 

architecture and crash behavior. Concerning side 

impact, the following restraint systems have been 

selected to be integrated in BEHICLE and adapted to 

the particular BEHICLE environment. 

 

Driver four-point seat belt (Top Belt). Due to the 

particular characteristic of BEHICLE (without B-

Pillars and with the driver in a central position) a new 

and innovative four point seat belt (Top Belt), with 

two retractors provided with load limiters and 

pyrotechnical pretensioners has been integrated in the 

car. Retractors are located at the roof in the rear part 

of the car. Two buckles are attached to both sides of 

the seat with the purpose of getting fastened to the 

latch plates. The two latch plates are stored at the 

roof in front of the driver in the unbuckled rest 

position. Figure 11 shows a dummy buckled with the 

four point seat belt system. 

 

 
Figure 11.  Top belt – Four Point Seat Belt. 

 

Side airbag integrated in door (SAB).  Due to the 

very thin BEHICLE seat backrest, it was not possible 

to integrate the side airbag in the front seat like in 

conventional cars; therefore it was integrated in the 

door and fixed to the aluminum door beam. The 

specific BEHICLE seat layout with the driver seat in 

the centre offers a new scenario for innovative side 

airbags because of the increased space between the 

side structure and the occupant. The airbag shape has 

been designed to cover all the different seat positions 

corresponding to different occupant sizes. 

 

 
Figure 12.  Side Airbag Module. 
 

 
Figure 13.  Side Airbag Module placed in door. 
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First Row Curtain airbag (CAB). (Figure 14). 

Main contribution of this curtain airbag is to avoid 

the front occupant’s head contact against an external 

obstacle in pole test collisions, and to reduce the 

occupant’s head excursion in barrier test collisions. 

The shape of the bag has been designed to cover the 

different occupant sizes. 

 

 
Figure 14.  First row curtain airbag module. 

 

Euro NCAP 2013 assessment 

Three load cases according to the Euro NCAP 

2013 procedures (ODB, MDB and Pole) have been 

evaluated in the BEHICLE program, including 

results of FE-models, sled tests and crash tests. 

 

FE-models. FE-models according to Euro NCAP 

MDB load case have shown that in the case of no 

occupant restraint systems the ES-2 dummy’s head 

contacts the composite Roof panel and the lower rib 

and abdomen area contact the BEHICLE door beam, 

see Figure A-1 of Annex A. 

In a second step, it has been included a Top Belt with 

retractor pretensioners activated at a Time To Fire 

(TTF) of 8ms. In this case, the abdomen did not 

contact the door beam, showing the effectiveness of 

the Top Belt in terms of Pelvis and Abdomen 

restraint. However, the head still contacted the roof 

and the lower rib contacted the door beam. 

Finally, in addition to a Top Belt, it has been 

included in the simulation models a side airbag 

placed in the door beam and a CAB placed in the 

roof. The TTF of both airbags, SAB and CAB, have 

been determined in order to be in position and filled 

with gas at the right time before the dummy contacts 

them. The optimal Time to Fire of the SAB was 10ms 

and of the CAB 40ms. 

As shown in Figure A-1 of Annex A, the simulation 

showed that the head contact has been avoided as 

well as any dummy impact against the door beam 

thanks to the passive restraint systems. In addition, 

the CAB was able to avoid the head excursion 

outside the BEHICLE cabin and to provide a low 

neck bending.  

As a summary, described in Figure 15, whereas the 

case without any passive restraint system provides a 

severe head contact to the roof metal plate and a high 

abdomen contact to the door, and the case with Top 

Belt only results in a contact between head and roof, 

in the case with all passive restraint systems these 

contacts are avoided and a good level of protection 

close to the maximal Euro NCAP rating is provided 

(15.21 out of 16 points). Rating was only penalized in 

the back plate area due to the specific design of the 

frontal seat.  

 

 
Figure 15.  Dummy assessment in MDB 

configuration models without Passive Restraint 

Systems, with only Top Belt and with all Passive 

Restraint Systems. 
 

FE-models according to Euro NCAP pole load case 

have shown similar results as FE-models with MDB 

configuration. It can be seen in Figure A-2 of Annex 

A that a contact of the dummy head, chest and 

abdomen to the BEHICLE interior parts is noticed in 

the baseline models. The Top Belt is able to reduce 

the dummy values in the abdomen area, and the 

inclusion of SAB and CAB reduces additionally the 

dummy values in head and chest area. 

Therefore also in the pole load case, a good 

protection level is achieved close to the maximal 

Euro NCAP rating (15.03 out of 16 points) with the 

passive restraint system, only penalized by the 

influence of the frontal seat in the Back plate area of 

the dummy (see Figure 16). 

 

 
Figure 16.  Dummy assessment in Pole 

configuration models without Passive Restraint 

Systems, with only Top Belt and with all Passive 

Restraint Systems. 

 

In case of Far Side impact, the integration of a 4 

point seat belt system with pretension function 

helps significantly to control the pelvis and 

abdomen motion, improving the occupant 

kinematics. In addition, a thick SAB in 

combination with a CAB offer a good protection of 

the chest and head area due to its early contact 

with the occupant and large thickness. As a 

conclusion, restraint systems integrated in 

Head assessment 0.00 0.19 4.00
Chest assessment 0.01 1.60 3.21
Abdomen assessment 0.00 4.00 4.00
Pelvis assessment 4.00 4.00 4.00

Total Rating 4.01 9.79 15.21
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BEHICLE allows to provide a good occupant 

protection of the centered driver in the case of far 

side impacts. 

 

Sled tests have confirmed similar results than in 

previous FE-models. Apart from getting an 

acceptable reproduction of the BEHICLE behavior in 

both MDB load case, illustrated in Figure B-1 of 

Annex B, and Pole load case, illustrated in Figure B-

2 of Annex B, the dummy injury values have reached 

similar results. All passive restraint systems have 

worked in a proper way: dummy is well coupled to 

the frontal seat thanks to the Top Belt System, the 

side airbag avoids any contact of the dummy torso to 

the door and the curtain airbag protects the dummy 

head.  

In both MDB and pole cases back plate forces have 

been reduced in comparison with FE-models thanks 

to the smoothing of the frontal seat section, 

minimizing the interaction of the ES-2 dummy back 

plate with the lateral part of the seat and achieving 

the maximal rating of 16 points in the MDB and Pole 

load cases (see Figures 17 and 18). 

 

 
Figure 17.  Dummy Assessment in MDB sled 

tests. 

 

 
Figure 18.  Dummy Assessment in Pole sled tests. 

 

Crash Tests. Similar to the results of FE-Models 

and sled tests, final crash tests according to lateral 

MDB and pole Euro NCAP 2013 protocols achieved 

good dummy injury results, reaching a total of 15.24 

points out of 16 in MDB configuration, and 15.66 

points out of 16 in Pole load case, only penalized in 

both cases by the back plate of the dummy. This fact 

points out the necessity of smoothing the profile of 

the backrest of the frontal seat in order to improve 

back plate values. Results according to MDB load 

case are shown in Figures 19 and C-1 (Annex C); and 

results according to pole load case are shown in 

Figures 20 and C-2 (Annex C). 

 

 
Figure 19.  Dummy Assessment in MDB crash 

test. 

 
Figure 20.  Dummy Assessment in Pole crash 

test. 
 

Frontal ODB Assessment. In addition to lateral 

MDB and pole load cases, it has been assessed the 

BEHICLE performance in frontal impact according 

to Euro NCAP 2013 protocols in order to get the 

complete occupant protection assessment. Results in 

sled tests provided a rating of 14.20 points out of 16 

points, which are shown in Figure 21. In a further 

step in the project a frontal ODB crash test will be 

done to confirm those results. 

 

 
Figure 21.  Dummy Assessment in ODB sled test. 
 

Sled test were performed with a rigid steering column 

without collapsibility and energy absorption function; 

therefore, results in chest area could be significantly 

improved by implementing a collapsible steering 

column, absorbing occupant energy and increasing 

the distance to chest. 

 

Euro NCAP 2016 assessment 

Crash tests in BEHICLE program were performed 

according to the 2013 Euro NCAP protocols. 

Additionally, in order to complete and update the 

investigation, the BEHICLE performance was also 

evaluated according to Euro NCAP 2016 protocols 

via FE-Models. Figure 22 presents the Assessment 

according to the four Euro NCAP 2016 load cases. 

Driver assessment reached the full score of 16 points 

in lateral load cases (AEMDB and pole), whereas it 

reached 13.56 points out of 16 on Frontal ODB load 

case and 12.26 points out of 16 points in Frontal FW 

load case. 
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Figure 22.  BEHICLE’s Driver Assessment 

according to Euro NCAP 2016 protocols. 
 

Euro NCAP quadricycle assessment 

BEHICLE was originally conceived as a lightweight, 

subcompact urban electric car, aiming at balanced 

energetic performance whilst ensuring top-notch 

safety performance. According to the car 

classification standards it would fall within the 

supermini category. But with lower engine power it 

would fall into the L7e category; therefore, the 

BEHICLE was also additionally assessed according 

to the Heavy Quadricycle rating protocol by FE 

simulation: Figure 23 illustrates the dummy 

assessment, reaching 12 out of 16 points in FWDB 

load case and 14 points out of 16 in MDB load case. 

 
Figure 23.  BEHICLE’s Driver Assessment 

according to Euro NCAP protocols for 

quadricycles. 
 

Benchmarking  

BEHICLE has reached, according to Euro NCAP 

2013 protocols, a rating of 14.20 points out of 16 

points in ODB load case, 7.68 points out of 8 points 

in MDB load case and 7.83 points out of 8 points in 

pole load case, with a total rating of 29.64 points out 

of 32 points. BEHICLE is 0.91 points over the 

average of M1 – Supermini vehicles evaluated in 

2013 according to Euro NCAP 2013 rating protocols 

(average rating 28.73 points) [1]. This is shown in 

Figure 24. 

 

 
Figure 24. ODB + MDB + Pole Euro NCAP 

rating of M1 supermini vehicles and BEHICLE 

in 2013. 
 

Comparing ODB, MDB and Pole rating assessment 

of BEHICLE’s driver occupant with the average of 

M1 – Supermini vehicles evaluated in 2014 

according to Euro NCAP 2013 protocols [1], which 

reached an average rating in the three load cases of 

27.66 points out of 32 points, also illustrates that 
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BEHICLE is close to two points above the average 

(see Figure 25). 

 

 
Figure 25. ODB + MDB + Pole Euro NCAP 

rating of M1 supermini vehicles and BEHICLE 

in 2014. 
 

Regarding Euro NCAP 2016 [1], BEHICLE’s driver 

has reached 13.56 points out of 16 points according 

to ODB load case, 12.30 points out of 16 points 

according to FW load case and 16 points out of 16 

points according to AEMDB and Pole load cases. 

Making a comparison with all M1 - Supermini 

vehicles assessed according to this Euro NCAP 

protocols, it can be observed that the driver 

BEHICLE rating in ODB and FW load cases is 

placed inside the range of the cars evaluated by Euro 

NCAP (see Figures 26 and 27).  

 

 
Figure 26. ODB Euro NCAP 2016 rating of all 

evaluated vehicles and BEHICLE. 
 

 

 

 

 
Figure 27. FW Euro NCAP 2016 rating of all 

evaluated vehicles and BEHICLE. 
 

Concerning lateral load cases, BEHICLE has 

achieved the highest possible score in AE-MDB and 

Pole load cases (see Figures 28 and 29). 

 

 
Figure 28. AE-MDB Euro NCAP 2016 rating of 

all evaluated vehicles and BEHICLE. 
 

 
Figure 29. Pole Euro NCAP 2016 rating of all 

evaluated vehicles and BEHICLE. 
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Finally, according to the special protocols for testing 

heavy quadricycles [1], BEHICLE is able to achieve 

a total rating of 12 points out of 16 points in FWDB 

assessment, twice as high as the best quadricycle 

tested by Euro NCAP (see Figure 30: vehicles 

assessed in 2014 in blue, vehicles assessed in 2016 in 

green and BEHICLE in orange). In MDB assessment, 

BEHICLE has achieved 14 points out of 16 points, 4 

points more than the best tested quadricycle, as 

indicated in Figure 31. With these results, as shown 

in Figure 32, BEHICLE is able to reach a total rating 

of 5 stars, far higher than the best quadricycle 

evaluated by Euro NCAP, which only reached 2 

stars. 

 

 
Figure 30. FWDB quadricycle assessment. 
 

 
Figure 31. MDB quadricycle assessment. 
 

 
Figure 32. Total quadricycle assessment. 

DISCUSSION AND LIMITATION 

The presented development has demonstrated an 

equivalent protection level of BEHICLE in 

comparison with conventional Supermini cars based 

on the Euro NCAP ‘year 2013’ suite of tests, via FE 

– models, sled tests and crash tests. Since then, the 

Euro NCAP assessment has been further improved in 

terms of representativeness of real-world accidents. 

These improvements include a heavier barrier for the 

MDB test and the addition of a full width frontal test. 

BEHICLE was also evaluated according to Euro 

NCAP 2016 assessment, but only with FE 

simulations. In a similar way, BEHICLE evaluation 

according to protocols for Heavy Quadricycle was 

performed by FE – Models, not being validated in 

crash tests during this investigation. Even if the 

BEHICLE was not developed neither against the 

Euro NCAP 2016 assessment nor the Heavy 

Quadricycle assessment, it also has achieved a very 

good rating. 

Occupant restraint strategy (in special concerning 

lateral impact) has been developed for the specific 

BEHICLE occupant seating layout with only one 

centred occupant in the first seat row. The case of 

light weight vehicles with a different seating layout 

with two occupants in the first seat row would need 

to be object of a specific study, due to the limited 

space from the occupant to the door.  

BEHICLE offers a similar side protection level 

independently of the side of impact (near side or far 

side) due to the centred driver position, in 

combination with a symmetrical four point seat belt 

with pretensioning function, a thick side airbag and a 

curtain airbag.  

Therefore, results in terms of occupant safety for far 

side impact will be equivalent to the results for near 

side impact. 

Finally, other matter to be taken into account is the 

absence of collapsible steering column in BEHICLE. 

Experience in conventional vehicles has 

demonstrated that a collapsible Steering Column 

reduces the loads on the chest in the case of frontal 

impacts of vehicles, so it offers possibilities to 

improve the actual BEHICLE results in frontal 

impact load cases. 

 

CONCLUSIONS 

Despite the fact that light weight cars are limited by 

their low weight, composite materials have evolved 

to achieve a high resistance and reduced weight in 

comparison to traditional materials. This fact, in 

combination with a good passive restraint system 

strategy, as in BEHICLE, can offer a good level of 

occupant safety for the driver, similar to conventional 
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Supermini vehicles that are now on the streets, 

assessed according to Euro NCAP 2013 and Euro 

NCAP 2016 procedures, and much better than heavy 

quadricycles driving along the cities. Also good 

occupant protection in the case of far side impact was 

demostrated. 
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APPENDIX A. Dummy kinematics in FE-

Models 

 

 

 
Figure A-1.  Dummy kinematics in MDB 

configuration models without Passive Restraint 

Systems, with only Top Belt and with all Passive 

Restraint Systems. 
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Figure A-2.  Dummy kinematics in Pole 

configuration models without Passive Restraint 

Systems, with only Top Belt and with all Passive 

Restraint Systems. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B. Dummy kinematics in sled tests 

 

 

 
Figure B-1.  Dummy kinematics in MDB sled 

tests. 
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Figure B-2.  Dummy kinematics and Assessment 

in Pole sled tests. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C. Dummy kinematics in crash 

tests 

 

 

 

 

 
Figure C-1.  Dummy kinematics in MDB crash 

test. 
 

 

 

 

 

 
Figure C-2.  Dummy kinematics in Pole crash 

test. 
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ABSTRACT 
 
Today’s anthropomorphic test devices (ATD) derive their behavior from cadaver test data. This same statement 
also applies to numerical models of these physical ATDs, and equally to the more sophisticated numerical human 
body models.  Across the wide spectrum of automotive and aerospace crash scenarios, the prediction of occupant 
responses relies mainly on joint properties that are inherent in such behavioral representations. These do not 
account for the muscle reflexes of tensing and bracing.  Most ATDs, and especially the Hybrid IIIs, are relatively 
rigid and their response will effectively represent occupants subjected to high speed impacts. 
 
A series of numerical active human (AH) body models have been developed for the 5th, 50th and 95th percentile 
of human subjects using multi-body modelling that incorporates joints with active torque behavior. In addition to 
the standard joint torque resistance, active joint behavior is implemented numerically in these AH-models using 
proportional-integral-derivative (PID) control methods to deliver torque resistance representative of active muscle 
responses. Active torque behavior for selected human body joints is achieved by optimizing PID gain parameters 
to correlate with test responses of human volunteer test data. The result of this work was applied to this first 
generation of active joint human models.   
 
The potential of human body models with active joints is demonstrated in a vehicle rollover situation. The specific 
case of vehicle rollover provides a crash scenario where the occupant’s accident awareness response is likely to 
influence tensing and active joint behavior at various stages during the accident. These simulations highlight the 
influence of muscle tensing and joint bracing on potential injury risk. 
 
This method of modelling the active joint torque seeks to mimic the complex behavior of muscles. It provides an 
efficient modelling technique that can be used to simulate long duration events (such as vehicle rollover) that in 
the past may have been considered less than optimal for the more complex human models. The ability to activate 
or deactivate the joint behavior to account for conscious muscle tensing will allow the analysis of various occupant 
awareness states during a rollover accident. 
 
It is anticipated that the addition of active joint behavior will provide a more accurate numerical representation of 
human body kinematics and hence improve the quality of the prediction of the risk of injury that can be deduced 
from simulations.  The ability to activate joint behavior to account for conscious muscle reflexes will also extend 
the range of crash scenarios which can be modelled effectively. 
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INTRODUCTION 

Occupant safety regulations for the crashworthiness 
testing of vehicles rely on the physical 
representation of a human occupant by an 
anthropomorphic test device or ATD. These ATDs, 
more generally referred to as crash test dummies, 
exist in various customized forms that are designed 
to perform biomechanically for specific types of 
crash configurations. ATDs derived their behavior 
from cadaver test data [1,2] which can be 
considered similar to a flaccid human. However, if 
one manipulates the various joints or bend the neck, 
it becomes very clear that the dummy is very stiff.  
This is because ATDS are tuned to represent humans 
in high speed (about 60km/h), potentially injury-
causing crashes. In a low velocity impact test, an 
ATD’s response is unrepresentative because of their 
overly stiff nature. 
 
The Hybrid III dummy is the current international 
standard for frontal crashes, while various other 
ATDs have been specifically designed for alternative 
test configurations such as side impact. To 
adequately represent the range of human sizes and 
proportions, these ATDs also exist as a series of 
anthropometric scales. Hence, such ATDs are 
implicitly limited by their characterization of actual 
complex humans in terms of their own geometric 
representation and mechanical response. “ATDs are 
mechanical surrogates designed to represent a 
particular demographic according to gender, size, 
and age. In addition, they are designed to exhibit a 
biofidelic response for specific loading conditions 
(e.g. principal direction of force and severity). The 
responses of these devices are not validated for 
alternate loading conditions and thus may not 
produce biofidelic responses beyond their intended 
design specifications.”[3] 
 
Simple but computationally efficient multi-body 
models as well as very detailed finite element (FE) 
models of the various ATDs have been developed 
over the years to simulate real world ATDs. Having 
numerical equivalents of the various ATDs has 
complemented real world tests by allowing more 
cost effective, efficient, and detailed analyses of ATD 
behavior in a wider ranges of test scenarios. The 
limitations of these models however, is that they can 
only be as accurate as the ATD’s representation of 
real humans.  For these reason, there have been 
extensive parallel development of numerical human 

body models that attempt to simulate real humans 
rather than ATDs. 
 
Detailed numerical computational models of the 
human body have been developed by various 
research groups to allow more detailed study into 
biomechanical issues. Unlike ATDs, humans have 
functioning circulatory and respiratory systems, 
resting muscle tone and active bracing capabilities, 
continuous neural responses, and the ability to 
perform cognitive functions [3]. Numerical human 
models offer not only modelling flexibility but more 
exact characterizations of both varying human 
anthropometry and their biomechanical responses in 
a wide range of loading conditions. Some of these 
human models that have been developed include 
the H-MODEL (Hongik University’s Human Body 
Model) [4], THUMS (Toyota’s Total Human model for 
Safety) [5], and GHBMC’s human body models 
(Global Human Body Models Consortium) [13]. 
 
In more recent years, attention has also been 
directed towards modelling active muscle behavior 
to account for an occupant’s bracing reflex in the 
event of awareness of the approaching accident. It 
has been shown that tensed muscles can change the 
initial posture, kinematics, and subsequently the 
kinetics during an automotive collision and as a 
consequence, the resulting injury patterns may be 
altered based on muscle activation [8]. This study 
illustrated that muscle activation has a significant 
influence on the biomechanical response of human 
occupants in low-speed frontal sled tests.  

MODEL DEVELOPMENT 

Active human body models (aH-Model) are currently 
being developed with body size and weight 
representative of accepted automotive industry 
standards for occupant safety testing. A series of 
three aH-Models currently under development 
include the 5th percentile female (aH-F05), the 50th 
percentile male (aH-M50) and the 95th percentile 
male (aH-M95).  The motivation for developing these 
aH-models is to study the contribution of active 
reflexive human responses to accident events and its 
potential to affect injury risk. The computational 
implementation takes advantage of the simpler but 
extremely efficient modelling techniques of multiple 
rigid body segment connected by joint elements 
with defined moment resistance. This traditional 
technique of modelling a joint is complemented by 
incorporating active joint behavior via a torque 
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actuator at the joint. The torque actuator is 
implemented using a numerical closed loop 
proportional-integral-derivative (PID) controller.  The 
efficiency of the aH-Models with its moderate CPU 
demand will allow the simulation of more complex 
and long duration crash and test scenarios where 
active responses are more likely to play a role in the 
kinematics of the occupant. 
 
Human Geometry 
For each of the human models, the outer surface 
geometry of their body segments were meshed from 
3D surface data. The 3D human surfaces were 
produced from geometric scans of selected human 
subjects postured in a seated position. The three 
scanned human subjects were selected by size and 
weight, to be representative of the previously 
mentioned size categories. The selection criteria 
were based on the Size USA 2002 datasets. 
 
Parts Segmentation and Joint Locations 
The human geometric scans were discretized into a 
finite element (FE) mesh, and then subsequently 
segmented into the fifteen commonly-accepted 
anatomical body parts.  For each mesh of the human 
model category, a consistent segmentation method 
was applied across the three aH-models to create 
these rigid body segments.  Figure 1 shows the three 
human models and the segmentation scheme used 
to create the various anatomical parts. 
 

 
Figure 1.  Human models meshed and segmented 
from the Size USA 2002 data  

A skeletal mesh within the surface mesh, as 
illustrated in figure 2, provides a reference to aid in 
the body segmentation process. In particular, while 
the head/neck/trunk is represented by five body 
segments that are separated by defined spinal 
positions, they can only be physically located using 
the spine as a reference.  The skeletal articulation 
also assists with the location of the joint position 
of the shoulder, hip, and joints of the limbs.  Table 
1 summarizes the modelled joints and their 
anatomical positions. 
 
 

 
Figure 2.  Human models including skeletal 
structure 
 
 
 

Table 1. 
Joints and body segments. 

# Joint DOF Anatomical 
position 

1 Head-neck 3 OC joint 

2 Neck-Upper trunk 3 C7/T1 

3 Upper-Center trunk 3 T12/L1 

4 Center-Lower trunk 3 L5/S1 

5 Upper trunk-arm, R 3 Right Shoulder 

6 Upper-Lower arm, R 1 Right Elbow 

7 Upper trunk-arm, L 3 Left Shoulder 

8 Upper-Lower arm, L 1 Left Elbow 

9 Lower trunk-leg, R 3 Right hip joint 

10 Upper-Lower leg, R 1 Right Knee 

11 Lower leg-foot, R 3 Right Ankle 

12 Lower trunk-leg, L 3 Left hip joint 

13 Upper-Lower leg, L 1 Left Knee 

14 Lower leg-foot, L 3 Left Ankle 
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Active Joint Modelling 
Each joint is modelled using a kinematic FE joint 
element consisting of an angular stiffness 
function, damping, and a PID torque actuator. All 
of these joint constraints act in parallel to 
represent various muscle conditions.  Using Choi’s 
hypotheses [6,7] of active joint responses, the 
rotational stiffness of a joint is complemented by 
different joint damping profiles depending on 
whether muscles are tensed or relaxed, and a PID 
torque control is applied to the joint to model 
whether the subject is aware or unaware during 
loading. The active torque of the joint represents 
the resultant actions of all muscles, ligaments, 
tendons, and other human tissues which affect 
that joint behavior. 
 
 

 
Tensed (co-contraction)                 Relaxed (single contraction) 
Figure 3.  Elbow jerk loading test by Choi[8] 
 
To show this, volunteer tests were conducted [6] 
to measure the response of the elbow joint to the 
application of an initial static load followed by a 
jerk load while the muscles are tensed or relaxed. 
The experiment produced different joint damping 
resistances as shown by the graphs in Figure 3. 
The tensed state of muscle co-contraction 
produces both a flexion resistance (-1.5kNms/rad) 
to the static load and an equivalent extension 
resistance (1.5kNms/rad) when the jerk loading is 
applied. When the subject is relaxed with the 
muscles only in the single contraction state to 
resist the static load, the same flexion resistance 
is observed (-1.5kNms/rad), although the 
extension resistance to the jerk loading is greatly 
reduced (0.5kNms/rad). Therefore, the various 

states of muscle tensing can be reasonably 
modelled by a damping moment. 
 
In addition to the muscle being relaxed or tensed, 
there are also the potential joint responses to the 
cognitive states of being aware or unaware of 
both an impending load or the actual loading ‘per 
se’.  Awareness generally leads to muscle tensing 
but during long duration loading events (such as a 
rollover accident), human instinct and reflexes 
mean that the subject cognitively tries to correct 
their posture and limb configurations to counter 
the forces acting on them.  This reflex reaction is 
modelled by applying a torque actuator to the 
joint via a PID closed loop control method. At 
every cycle of the computation, the PID function 
makes an assessment of the proportional, 
integral, and derivative behavior of the joint 
relative to the target position. A very general 
explanation of PID control would say that the 
proportional is the current behavior, the integral 
is the historical behavior, and the derivative is the 
projected future. Based on this, the PID controller 
attempts to correct the system based on the error 
calculated at each cycle multiplied by the gain 
constants (kp,ki,kd).  The PID function is 
summarized by the function below. 
 
 

Muscle model with Closed-Loop Control (PID) 

 

 

 

The gain parameters kp, ki , and kd are obtained 
through an optimization processes by correlating 
the model’s response to the active response 
exhibited by an aware subject in a volunteer test. 

The joint stiffness properties of the aH-models 
exploit the knowledge gained from past human 
body model studies [6,7,8]. Each aH-model consists 
currently of 15 rigid body segments connected by 
14 articulated joints. All joints are modelled with 
three rotational degrees of freedom with the 
exception of the elbow joints and the knee joints 
which only have one rotational degree of 
freedom.  Active torque capability is modelled for 

y(t): current state 
r(t): reference 
u(t): control signal 

kp: proportional gain 
ki: integral gain 
kd: derivative gain 



 

Chhor                       

all joints in all their degrees of freedom, for the 
aH-models similar to the elbow model described. 

Joint Stiffness Scaling 
The 50th percentile male is the most common 
human size used for compliance standards. This 
has led to it being the most widely documented 
and tested. For this reason, the aH-M50 model is 
the first to be calibrated and correlated with test 
data. The aH-M50 serves as the reference for the 
stiffness of the various body joints for this first 
generation of aH-models. To estimate the stiffness 
of joints for the aH-F05 and aH-M95, some 
general scaling can be made from the aH-M50.  
The stiffnesses of human joint articulations are 
dependent on the gender, body size, muscular 
structure, anatomical proportions and hence, 
some scaling assumptions can be used. The same 
can be said for the joint damping which models 
the muscle tensing strength.  Therefore, the joint 
stiffness of the various joints for the aH-F05 and 
the aH-M95 can within reason be initially scaled 
and interpolated from the aH-M50 until additional 
data for calibration becomes available. The aH-
M50 joint properties will be re-tuned regularly as 
more up-to-date data becomes available with the 
same being done on the aH-F05 and aH-M95. 

Joint reflex modelled by PID controls are less 
scalable however, as instincts are not dependant 
on body size or muscle strength. Nonetheless, 
similar scaling of PID gain parameters can be used 
as a good first estimate. 

 

CALIBRATION AND OPTIMISATION 

Calibration and verification of the aH-M50 is 
currently being undertaken by correlating the 
models response to available test data and 
published experimental data.  

Published data of post mortem human subject 
(PMHS) tests [10] and volunteer tests [3,11] 
provide some excellent references for correlating 
and assessing the performance of the aH-M50 
model. 

Some basic calibrations were initially performed 
on selected joint groups of local anatomy to 
optimize PID gain values that represent those of 
an aware subject. The joints were optimized 
locally for the head/neck system, the 

thoracic/lumbar spinal system, and the limbs. This 
was done by applying a relative low 
acceleration/deceleration pulse in selected 
loading directions, to the various anatomical 
systems. When the joints are defined only by 
angular stiffness functions, and using the 
head/neck system as an example, the segments 
would oscillate indefinitely in the direction of 
loading. When some damping was applied to the 
joints, the oscillations would come to rest after 1 
to 2 cycles. A further application of torque 
actuators to the joints, through the PID closed 
loop control is applied to the system to represent 
natural human reflexes of an aware subject to 
stabilize oneself and resist the loading. The PID 
gain parameters were optimized with the 
objective of damping out the oscillations within 
approximately one cycle. This was considered a 
good first approximation of the human reflex 
contributions to resist such loading. Figure 3 
shows some time history frame grabs of the 
head/neck system for non-active and active joints 
when the local joint systems are loaded in lateral 
bending. When the joints are active, the maximum 
lateral bending of the head/neck is reduced and is 
stabilized quicker, as well as returning to the 
neutral target position defined by the PID 
function. 
 

 
Non-active head/neck joints 

 
Active head/neck joints 

Figure 3.  PID calibration of active joints in the 
head/neck system 
 
Figure 4 shows a similar calibration where the 
lateral pulse loading is applied to the pelvis.  Only 
the thoracic and lumbar joints are free to deform. 
As with the head/neck system calibration, PID 
activation of the thoracic/lumbar joints produced 
lower maximum deformations, earlier 

start stop 

start stop 

Accel decel 

Accel decel 
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stabilization, and the model is returned to the 
target neutral posture. 

Similar active torque calibrations were carried out 
for the hip/lower-limb and the shoulder/upper-
limb systems. As data becomes available, 
particularly those regarding non-injurious loading 
of volunteers, such active joint torque calibrations 
can be refined to better represent bracing and 
reflex responses.  
 

 

Non-active thoracic/lumbar Joint 
 

  
Active thoracic/lumbar Joint 

Figure 4.  PID calibration of active joints in the 
Thoracic/lumbar  system  
 

HUMAN MODEL PEFORMANCE IN DYNAMIC 
ROLLOVER TEST SYSTEM (DRoTS) 

DRoTS tests of PMHS [10] were used as an initial 
reference test to assess the performance of the 
full aH-M50 model. Several defined tests can be 
performed on this rollover test system.  They 
include, a quasi-static test with 180o rotation, an 
upside down drop and catch with 0o rotation, a 
pure dynamic roll with 360o rotation, a leading-
side drop with 360o rotation, and a trailing-side 
drop with 360o rotation. 

The case of pure dynamic roll, over 360o was 
simulated with the aH-M50 in the leading and 
trailing seat positions. The loading conditions of 
this test allow the simulation of a rollover of a full 
rotation, which occurs over an extensive period of 

more than 1.5 seconds, where active joints are 
expected to play a role in the kinematics of the 
aH-model. Figure 5 shows the rollover test rig 
developed by the University of Virginia’s Center 
for Applied Mechanics with occupants in the 
leading and trailing seat positions. 
 
 

 
Figure 5.  DRoTS system from the University of 
Virginia Center for Applied Biomechanics 
 
Figure 6 shows some frame grabs at 0o, 90o, 180o, 
and 270o of the simulation for pure dynamic roll, 
with both the leading and trailing occupants. As in 
the PMHS tests, the aH-M50 models are each 
restrained with a three-point lap sash belt. In 
addition, the left and right hand are strapped to 
their respective left and right upper leg with the 
lower legs and feet restrained to the test rig. 

 
 

 
Figure 6.  DRoTS simulation with two aH-M50 
models  
 
Of interest in the DRoTS test of pure roll is the 
kinematics of the spine during the entire rolling 
event. The overall performance of the aH-M50 can 
be assessed relatively simply by comparing the 
lateral bending of the head/neck system during a 

stop 

stop start 

start 

Accel 

Accel 

decel 

decel 
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PMHS physical test and its simulation using the 
aH-M50 model. Images at 45o intervals of angular 
rotation during the rollover, taken from high 
speed camera footage, were used to make these 
qualitative comparisons with the simulation.   

Pure Roll Test (360o) Leading-Side Position  
Figure 7 shows the comparison between the 
PMHS leading-side position test (column1) and its 
model equivalent of the aH-M50 with non-active 
joints (column2). Simulation results of an aH-M50 
with active joints representing an aware human 
that is tensed with reactive reflexes (column 3) is 
also presented to study variations in kinematic 
response compared to an aH-M50 with non-active 
joints. The amount of lateral bending of the 
head/neck cannot be clearly observed from the 
photo frames at 225o and 270o for the leading-side 
position due to what appears to be visual 
obstruction of the camera view. A comparison of 
the head/neck lateral bending response between 
the leading-side PMHS test and the aH-M50 model 
with non-active joints show good general 
qualitative agreement in terms of the amount of 
head/neck angular rotation in lateral bending as 
well as being in phase. When the joints are 
activated in the aH-M50 model to simulate 
tensing and reflexive behavior, the amount of 
lateral bending deformation is reduced in all the 
frames shown. This reduction in lateral bending 
deformation of the head/neck system is most 
obvious at the frame rotations at 90o, 180o, and 
360o. The probable reason for this is because the 
largest variation between an active and non-active 
model is observed at the higher loads levels, when 
the joint PID torque actuator is most affective. At 
lower load levels where the head/neck lateral 
bending displacements are lower, less variation is 
also observed between the aH-M50 with and 
without active joints. 

Pure Roll Test (360o) Trailing-Side Position  
Figure 8 shows the same comparison of the DRoTS 
pure roll test for the trailing-side position. The 
PMHS test results are shown in column 1 with the 
non-active aH-M50 in column2 and the active aH-
M50 human model in column 3. For this trailing- 
side position test, the view of the PMHS 
head/neck kinematics is obscured in the 270o and 
315o photo frames.  

Cadaver         non-active       Active 
Test         (cadaver)      (Human) 

 

 

 

 

 

 

 

 

 
Figure 7.  Pure dynamic roll of PMHS and aH-M50 
in the leading-side position 
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Cadaver         non-active    Active 
Test         (cadaver)   (Human) 

 

 

 

 

 

 

 

 

 
Figure 8.  Pure dynamic roll of PMHS and aH-M50 
in the trailing-side position 

Qualitative comparison between the test results 
and the aH-M50 with non-active joints show good 
agreement of the lateral bending of head/neck in 
terms of general magnitude and timing. Unlike the 
leading-side position analyses, when the aH-M50 
joints are activated for the trailing-side position 
analysis, the reduction in head/neck lateral 
bending is less pronounced. The only frames that 
showed an obvious difference were the 45o and 
360o frames. What this highlights is that the loads 
experienced in the leading and trailing positions 
are quite different. 

These two controlled pure rollover cases illustrate 
is that the aH-M50 model with active joints 
generally shows lower maximum bending of 
corresponding joints. Not obvious in these frame 
grabs is the earlier recovery of the joint angular 
displacements displayed by the active human 
model to try to return to its defined neutral (or 
target) position defined by the PID controller. 
Earlier recovery of joint angular displacements 
leads to changes in human body kinematics during 
the loading event. Taking the case of a vehicle 
rollover as an example, these kinematic changes 
can result in different levels of maximum human 
body joint deformations, timing of head impact or 
human body contact to the vehicle interior, and 
can change the location of the impact which can 
ultimately change the type of injury potential. 

 

VEHICLE ROLLOVER 

Vehicle rollovers by their nature are complex 
crash events that can be triggered by various 
combinations of driver behavior, road surface 
type and its interaction with the vehicle, and the 
size/height/weight of the vehicle. Rollover crashes 
occur over a long duration measured in seconds as 
opposed to general car crash durations of only a 
few hundred milliseconds. For these reasons, the 
numerical analysis of occupant behavior in vehicle 
rollovers have been less viable due to the high 
computing demands required to simulate such 
long duration events.  

The numerical efficiency of the aH-M50 model has 
meant that simulating a long duration rollover 
analysis is attainable. Trial analyses were 
performed to assess the viability of simulating a 
full vehicle rollover with the aH-M50 human 
occupant model.  The rollover arrangement 
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simulated, involves the vehicle flipping over at 
48km/h inducing approximately three rolls of the 
vehicle before coming to rest over a duration of 
five seconds. Figure 9 shows the various vehicle 
rollover states during one of the rollover 
simulations. Two simulations were carried out 
using this loading configuration, one with the aH-
M50 with active joints and the other with non-
active joints. The aH-M50 human models are 
seated in the driver side position for these 
simulations.    

 

 
Figure 9.  Whole vehicle rollover simulation with 
the aH-M50 model. 
 
Two main factors directly affect the risk of injury 
to an occupant in a rollover. The first is the ability 
of the vehicle to maintain its structural integrity 
during the crash thereby preserving the occupant 
space. The second is the performance of the 
vehicle’s internal safety and restraint systems 
such as seatbelts that restrain occupants and keep 
them away from hard surface impacts. With 
occupant ejection from the vehicle being a 
concern in rollover accidents, seatbelts also play a 
role in preventing this type of phenomena. More 
recently, the prevention of occupant ejection has 
been a secondary consideration in the design of 
curtain airbags [12]. 

For these trial simulations, a simple analysis of the 
results was undertaken to compare the effect of 
using a human body model with fully active joints 
against one that is non-active. The active joints 
were maintained throughout the rollover 
simulation in the first rollover case. This 
represents one extreme of the occupant being 
fully aware for the whole rollover duration. The 
second rollover case with non-active joints 
simulate the other extreme of the occupant being 
unaware throughout the accident duration. The 
graph in Figure 10 shows the contact force 
magnitude of the head to the interior surfaces of 
the vehicle for the first 2.5 seconds of the 

rollover. It can be seen that when the joints are 
modelled as active, the force of the first major 
contact (~600ms) made between the head and the 
interior of the vehicle is about 30% lower in 
comparison to the non-active model. This can be 
attributed to the resistive reflex nature of the 
active joints at the neck to correct its posture and 
reduce the amount of head/neck motion, all of 
which leads to a lower contact force. It is also 
noteworthy that the timing of the initial head 
contact force between the 2 cases is already 
slightly out of phase due to variations in the active 
joint response of the head/neck system. Beyond 
this first impact event, the head contact forces are 
significantly higher for the active joint case.  The 
reasoning for this is that after the first main head 
impact, the kinematics of the two cases have 
varied enough that subsequent head contacts 
(between the two cases) are no longer in phase 
and are contacting the vehicle interior at different 
locations as well as from different velocity vectors 
from the head. A general hypothesis that can be 
made is that relatively reliable quantitative 
comparisons between models can be made up to 
the first major contact event. Beyond this, only 
qualitative comparisons are reasonable due to 
growing variations of the occupant kinematics 
with time after the crash event. This is not to say 
that these later occupant kinematics, are any less 
important as they determine the interaction of 
the occupant with the interior environment, 
interactions with other occupants, or even 
occupant retention.  
 

 
Figure 10.  Contact force between the aH-M50 
head with the vehicle interior 
 

The example presented is an ideal extreme of 
active and non-active joints on the aH-M50 human 

48km/h
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model. In a real-world rollover, it is more likely 
that an occupant will experience different states 
of awareness throughout the rollover. One 
possible scenario could involve the driver bracing 
(active joints) at the beginning of the accident, but 
losing consciousness (non-active joints) during the 
rollover due to a head impact to the vehicle 
interior. Alternatively, a passenger may not be 
aware of an impending rollover and will brace 
much later during the rollover. These are just two 
examples of many possible scenarios in this type 
of long duration accident. 

 

FUTURE MODELLING  

This first series of aH-Models has taken advantage 
of past human body models and their joint 
stiffnesses. In addition, the models have been 
correlated to available muscle tensing studies, and 
optimized for projected active reflexive behavior.  
Although still relatively early in its development, 
their performance in these initial correlation 
studies show promise, especially in regard to the 
implementation of active joint torque behavior. 
Incorporating translational degrees of freedom 
(with stiffness properties) to selected spinal joints 
is the next logical step to refining the 
biomechanical response of these aH-models.  

To better understand the reflexive behavior of 
aware subjects, it would be essential to calibrate 
such responses to human volunteer data. 
Volunteer experiments to measure joint reflexes 
would need to be performed at loads that are 
non-injurious. Although not ideal, such data will 
still be invaluable for projecting the anticipated 
reflex behavior under genuinely injurious loads 
using mathematical interpolation techniques. 

The current models have been developed in a 
manner that increased sophistication can be 
retrofitted to the model. Possible retrofit options 
may include the addition of spinal complexity 
through additional joint articulations, or whole 
cervical or thoracic spine replacements. Some 
deformability of the pelvis or torso may also be 
developed as a retrofit option to better model 
seat and seatbelt interactions. However, the 
model’s efficiency, which has been achieved by 
using simple modelling techniques would 
gradually be sacrificed as more complexity is 

added to the model. Recalling the motive for 
developing these active human models, the 
model’s efficiency should be maintained when 
possible to set it apart from existing complex and 
very detailed human models. 

Calibration and correlation is ongoing and will be 
updated as new data becomes available. It is 
anticipated that a database of tensing parameters 
and optimized PID gain values for reflexive 
strength will eventually be developed for specific 
loading conditions and severity. 

 

CONCLUSIONS 

Three active human models with active joint 
behavior have been developed. The series of 
active human models consist of the 5th percentile 
female, the 50th percentile male, and the 95th 
percentile male.  

The performance of the 50th percentile model has 
been correlated to a limited selection of published 
PMHS and human volunteer test data with good 
general agreement. The models will need to 
undergo further correlation and calibration to 
extend their validity over a wider range of loading 
severities and loading types.  This will involve 
further optimization of the active joint behavior 
with existing and future PMHS and human 
volunteer test data.  

The aH-M50 model has been used to simulate a 
vehicle rollover undergoing three full rotations 
over a relatively long duration of five seconds.  

The implementation of active joints in the active 
human models allows the simulation of human 
joint tensing and reflex behavior resulting from 
different states of human awareness. Active joints 
coupled with the overall model efficiency will 
allow the analysis of longer duration accident 
scenarios that account for complex human 
awareness reactions and ultimately will broaden 
potential fields of application.  
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ABSTRACT 
 
Obesity increases the risks to motor vehicle occupants of some types of injury in crashes. The effects of 
obesity on injury causation are not well understood and current prevention efforts do not effectively address 
the increased vulnerability of individuals with high body mass index (BMI). Proximity to the steering wheel 
has been associated with increased risk due to airbag deployment, and the steering wheel rim is a source of 
injury in frontal crashes even with airbags. This study examined the spatial relationship between the steering 
wheel and drivers with high BMI in a midsize sedan package condition. Driving postures of 52 men and 
women with BMI from 31 to 59 kg/m2 (median 38 kg/m2) were measured in laboratory mockup configured to 
be representative of a midsize passenger car. Three-dimensional body shape data captured using a laser 
scanner were aligned to landmarks measured in the driving posture to quantify the relationship between the 
torso and the steering wheel. Consistent with previous research, higher BMI was associated with decreased 
clearance relative to the steering wheel. Many drivers with high BMI can be expected to sit with their torsos 
within 100 mm of the wheel rim. The results suggest that attention should be paid to airbag deployment 
kinematics and efforts to mitigate the potential for abdominal injury due to steering wheel rim loading for 
these drivers. A continued focus on improving vehicle and restraint system design for individuals with high 
BMI is needed. 
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INTRODUCTION 

A driver’s proximity to the steering wheel prior to a 
frontal crash influences load sharing among the 
restraint system components and may affect injury 
risk. Several early studies indicated that smaller 
distances between the occupant and airbag at the time 
of deployment are associated with higher frequency 
and severity of airbag-induced injuries, and higher 
loading in human surrogates [1-4]. The US Insurance 
Institute for Highway Safety (IIHS) and National 
Highway Traffic Safety Adminstration recommend 
that drivers maintain distance of least 250 mm (10 
inches) from the steering wheel to reduce risks 
associated with airbag deployment. Proximity to the 
steering wheel can also influence airbag deployment 
kinematics, potentially allowing the steering wheel 
rim to contact the occupant. 
 
Driver body dimensions, seating position, and belt 
use are important determinants of whether there is 
sufficient clearance between the passenger and the 
steering wheel for the airbag to deploy properly. 
Manary et al. [5] extracted driver-to-steering wheel 
proximity distances from a large dataset of driver 
preferred posture and position in vehicles with a wide 
range of interior dimensions. Proximity to the 
steering wheel by three indvidiual dimensions: the 
driver’s chin, manubrium (top of sternum), and the 
minimum horizontal distance between the driver and 
ther steering wheel when seated in a normal driving 
posture. The data were used to develop statistical 
models of the distribution of clearances between the 
driver’s torso and the steering wheel as function of 
driver anthropometry, vehicle and seat factors. 
However, that study was limited by the small number 
of participants who were obese, less than 10% of the 
sample. 
 
Obesity increases the risks to occupants of some 
types of injury in crashes. Obese occupants are at 
higher risks of fatality and injury in frontal motor 
vehicle crashes than normal-weight individuals [6-
13]. The chest [6,11,14-17] and lower extremities 
[6,14,18-21] are more likely to be injured for obese 
than non-obese occupants. These results demonstrate 
a need to improve understanding of the occupant 
protection needs of individuals with high body mass 
index (BMI). 
 
The problem has grown in importance because the 
fraction and number of adults who are obese has 
increased significantly worldwide since 1980s 
according to World Health Organization (WHO). In 
2014, 39% of adults aged 18 years and over were 

overweight and 13% were obese around the world. In 
the United States, the prevalence of overweight and 
obesity were 68.8% and 35.7% in 2009-2010, 
compared with 55.9% and 22.9% in 1988-1994 [22]. 
A study by Finkelstein et al. [23] predicted that the 
prevalence of obesity could be up to 42% in the 
United States in 2030. Currently about 5% of US 
adults are “morbidly” obese, defined by the CDC 
(1998) as a BMI ≥ 40 kg/m2. In the United States, the 
growth rate in the prevalence of a BMI>40 kg/m2 and 
a BMI>50 kg/m2 is twice and three times, 
respectively, the growth rate of the prevalence of 
moderate obesity since 2000 [25].  
 
The effects of obesity on injury causation are not well 
understood and current prevention efforts do not 
sufficiently address the vulnerability of the high BMI 
cohort. Injury pattern and severity of injury due to 
motor vehicle crashes depend on a complex 
interaction of biomechanical factors, including crash 
severity and direction and seat belt use. The higher 
risks of injuries for the obese occupants are believed 
to be caused primarily by the increased body mass 
exacerbated by poor belt fit resulting from corpulence 
(reference). However, the spatial relationship 
between the steering wheel and torso for drivers with 
high BMI has not been quantified.  
 
The current study examines the effects of driver 
characteristics on proximity to the steering wheel in a 
laboratory study. The horizontal distance from lower 
rim of the wheel to the torso was measured by 
combining data from 3D body surface measurements 
and driving posture. 
 
METHODS 

Participants  

Fifty-two drivers (26 women and 26 men) were 
recruited based on BMI classification (Obesity 
Class I, II, and III) (CDC, 1998). The male study 
sample averages were 48 (SD= 13) years of age, 
1762 (SD =312) mm for stature, 126 (SD =32) kg 
for weight, and 41 (SD =13) kg/m2 for body mass 
index (BMI). The female study sample averages 
were 46 (SD= 16) years, 1623 (SD = 97) mm for 
stature, 103 (SD = 19) kg for weight, and 39 (SD = 
6) kg/m2 for BMI. Participants were stratified 
based on body mass index (BMI) classification, 
stature, and age.  

Vehicle Mockup  

Testing was conducted in a driver mockup used in 
a previous study of posture and belt fit (Reed et al. 
2013). The driver mockup included a steering 
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wheel, instrument panel, brake and accelerator 
pedals, and seat belt. The driver mockup was 
equipped with a six-way power seat with a power 
recline adjuster and a large range of vertical 
adjustment. The seat was mounted on a motorized 
platform that could be moved fore-aft so that all 
participants were able to select a comfortable seat 
position without being censored by the available 
seat track adjustment range.  

The mockup was configured to represent the 
typical geometry of a midsize sedan. The steering 
wheel position was 550 mm aft of the accelerator 
pedal ball of foot reference point (SAE L6) and 
646 mm above the heel surface (H17).  The 
steering wheel angle (A18) was set to 25 degrees 
to vertical.  The seat reference point (SgRP) at 
middle of its adjustment range was set to of 270 
mm (SAE H30). Seat back and cushion angles 
were initially set to 23˚ relative to vertical and 
14.5˚ relative to horizontal, respectively (SAE 
J826).  In the vehicle mockup the orientation of the 
right-handed coordinate system followed SAE 
J1100 with +X pointing rearward parallel to the 
long axis of the mockup, +Y pointing to the 
passenger/inboard side of the mockup, and +Z 
pointing up. The mockup was also equipped with a 
three-point seatbelt with a sliding latch plate and a 
nominal belt webbing width of 45 mm.  

Anthropometry 

Standard anthropometric measures were taken on 
each participant to characterize overall body size 
and shape. A Vitronic VITUS XXL full-body laser 
scanner and ScanWorX software by Human 
Solutions was used to record whole-body 3D 
surface geometry in a seated automotive driving 
posture. A custom apparatus was used to support 
the posture that allowed maximum access for the 
scanner, which captured an average of about 500k 
surface points for each scan. Fixing the seat back 
and seat pan angles and setting the limb postures 
using goniometers and a level carefully controlled 
participants’ posture. A hand-held infrared scanner 
was used to record contours in body areas shadowed 
from the whole-body scanner, such as the lap. For the 
current analysis, scans from a posture designed to 
match the torso posture for driving was used. 

Protocol 

The study protocol was approved by the University 
of Michigan Institutional Review Board (IRB) for 
Health Behavior and Health Sciences (IRB 
#HUM00102426). Participants were recruited 
through online postings and through healthcare 
providers at the University of Michigan Adult 

Bariatric Surgery program. Each participant was 
briefed on the purposes and methods of the study 
and written consent was obtained. Participants 
changed into test garments made of thin material 
that provided good access to body landmarks and 
anthropometric measures were taken. Body 
landmark locations were recorded in a laboratory 
hardseat. 

While seated in the driving mockup, the participant 
was trained in the operation of each seat adjuster 
and demonstrated use of the components for the 
investigator. The initial positions of each 
participant-adjustable component were set to the 
same midrange values prior to each trial, except 
that the fore-aft position of the seat was set to 
different target for men and women to ensure 
adequate seat travel.  The participant entered the 
mockup and adjusted the seat (fore-aft position, 
vertical position, cushion angle, backrest angle) to 
obtain a comfortable driving posture. The 
participant then donned the belt and assumed a 
normal driving posture.  

The investigator used the FARO arm coordinate 
digitizer was used to record the participant’s 
posture and points on the vehicle mockup, seat and 
belt components. A stream of points with 
approximately 5-mm spacing was recorded along 
the upper edges of the lap and torso portions of the 
belt. 

Posture and Body Shape Analysis 

The body surface landmarks recorded in the vehicle 
mockup were used to quantify the driving posture 
relative to the vehicle package.  

Surface landmarks were manually extracted from the 
body scan data, using Meshlab software 
(meshlab.org). A reference template mesh with 23k 
vertices was fit to each scan using two-level fitting 
method [28].  

Scan Alignment 

To quantify the spatial relationship between the 
steering wheel and the torso, the 3D surface 
scan data were aligned to the driving posture 
and position. The top of the torso was aligned 
using the suprasternale and cervicale 
landmarks. To achieve an accurate scan 
placement in the abdomen area, the surface data 
were rotated about the Y-axis to match the 
digitized lap belt location. Figure 1 shows an 
example of 3D scan data aligned to a driving 
posture.  
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Proximity to Steering Wheel 

The horizontal distance from the lower rim of 
the steering wheel to the torso was computed 
by taking the intersection of a horizontal vector 
from the most rearward point on the lower rim 
of the wheel with the torso surface data. Figure 

2 shows images of four participants with a 
range of BMI and minimum horizontal distance 
to the steering wheel.  

 

 

 

Figure 1. Representative surface scan data aligned to a participant’s driving posture. 

 

 

Figure 2. Graphics and photos of aligned data and computed minimum horizontal distance to 
steering wheel measures for a range of occupant sizes. 
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RESULTS 
 
Figure 3 illustrates the distribution of the driver 
horizontal clearance to the steering wheel. The 
overall mean (SD) of the minimum horizontal 
clearance was 111 (64) mm. Two participants 
nearly achieved the recommended 250 mm of 
clearance, while the minimum clearance was 
essentially zero, creating a contact condition 
with the lower rim of the steering wheel. 
   

 
 
Figure 3. Histogram of minimum clearance 
to the steering wheel. 
 
Median clearance to steering wheel from torso 
associated with gender is summarized in Figure 4.   
Significant differences were observed between 
women and men, who each had an overall mean (SD) 
of 92 (60) and 130 (64) mm respectively. 
 

 
 
Figure 4. Box plot summaries the minimum 
clearance to steering wheel (mm) by gender.  
 
A regression analysis was conducted to assess the 
effects of age, stature, the ratio of erect sitting height 
to stature (SH/S), and BMI and their two‐way 
interactions as potential predictors. Only the main 
effects of BMI and stature were significant (p<0.01):  

Minimum Clearance to Steering Wheel (mm) = 
-311.26 – 6.26*BMI 

 + 0.40*Stature 
 

R2 =0.59, RMSE = 41.1 mm 
 
Age had minimal effect, but the significant effect of 
BMI was similar for men and women (Figure 5). The 
range of 27 kg/m2 across the participants resulted in a 
difference of 204 mm of horizontal distance between 
the steering wheel and torso, while holding stature at 
the overall mean value (1705 mm). However, there is 
considerable scatter in the data that reflects 
differences in body shape for this high BMI cohort. 

 
Figure 5. Minimum clearance to steering 
wheel for men (+, —) and women (o, --) as a 
function of BMI.  

Figure 6 shows the effect of stature for drivers with a 
BMI < 37 and BMI >37 kg/m2 which resulted in 
mean minimum clearance differences of 35 vs. 126 
mm, and 60 vs. 218 mm respectively.  

 
Figure 6. Minimum clearance to steering 
wheel for BMI < 37 kg/m2 (+, —) and BMI > 37 
kg/m2 (o, --) as a function of stature.  

0 50 100 150 200 250

2
4

6
8

10

Steering Wheel to Torso Distance (mm)

Fr
eq

ue
nc

y

0

50

100

150

200

250

St
ee

rin
g 

W
he

el
 to

 To
rs

o 
D

ist
an

ce
 (m

m
)

Women Men

0

50

100

150

200

250

St
ee

rin
g 

W
he

el
 to

 To
rs

o 
D

ist
an

ce
 (m

m
)

30 40 50 60
Body Mass Index (kg/m2)

0

50

100

150

200

250

St
ee

rin
g 

W
he

el
 to

 To
rs

o 
D

ist
an

ce
 (m

m
)

1500 1600 1700 1800 1900
Stature (mm)



	  

	  Jones	  2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

DISCUSSION 
 
This paper is the first to compute the horizontal 
distance from steering wheel to torso by combining 
measurements 3D body surface contours and driving 
posture.  The analysis methodology allows the 3D 
effects of driver attributes to be visualized relative to 
the vehicle package configuration.  
 
The results demonstrate the importance of 
considering proximity to steering wheel for 
individuals with high BMI. The mean BMI in this 
sample (40 kg/m2) is approximately 95th percentile 
BMI for U.S. adults. None of the participants 
achieved the recommended 250 mm of clearance, 
while many participants were found to achieve 
a minimum clearance that was essentially zero, 
creating a contact or near-contact condition 
with the lower rim of the steering wheel. As 
expected, higher BMI was associated with 
reduced clearance to the steering wheel. Seat 
position or stature were also important factors 
in determining proximity to the steering wheel, 
and the analysis showed similar patterns for 
men and women.  
 
These proximity to torso measures represent 
maximum clearances at the time of air bag 
deployment. This suggests that attention should be 
paid to airbag deployment kinematics in conditions 
with torso interaction and efforts to mitigate the 
potential for abdominal injury due to steering 
wheel rim loading for these drivers. A continued 
focus on improving vehicle and restraint system 
design for individuals with high BMI is needed. 
 
The analysis is believed to be the first to use 3D body 
shape data to consider minimum clearance 
requirements in this area. However, the findings are 
limited by several issues. The posture measured in 
the scanner is similar but not identical to the driving 
posture. Posture differences could change the shape 
of the lower abdomen. The shape of the torso and 
lower extremities affect the determination of the 
horizontal distance. However, the alignment of the 
scan data using landmarks measured in the mockup 
minimizes these effects.  
 
Clothing can be expected to affect clearance to the 
steering wheel. The thin shorts worn for this study 
minimized clothing bulk, but elastic in the material 
may have changed the shape of the soft tissue. 
Clothing effects should be studied further, including 
the effects of outer garments such as coats worn in 

cold weather. Further work is also needed to assess 
the generalizability of these findings to other vehicle 
layouts and to dynamic, on-road driving situations.  
 
Simulation studies are needed to assess the 
consequences of proximity to the steering wheel for 
high-BMI individuals.  Studies with human 
surrogates and finite-element models suggest that 
smaller distances between the occupant and airbag at 
the time of deployment are associated with higher 
frequency and severity of airbag-induced injuries, 
and higher loading in human surrogates. 
 
CONCLUSIONS 
 
In a cohort of obese individuals measured in a 
vehicle mockup, none sat with the 
recommended clearance of 250 mm to the 
steering wheel, and the mean clearance was less 
than 115 mm. Further investigation of airbag 
deployment kinematics and performance for 
these individuals is warranted. 
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ABSTRACT 

The objective of the study was to develop and evaluate a pediatric-specific advanced automatic crash notification 
(AACN) algorithm that uses a more comprehensive scoring system than the Abbreviated Injury Scale (AIS)-based 
severity to predict the risk that a child in a motor vehicle crash (MVC) is severely injured and requires treatment at a 
designated trauma center (TC).  Though several research groups have developed AACN algorithms for adults, none 
have yet been developed for children. Given a child’s constant growth and development, use of currently-developed 
AACN algorithms in children is problematic because they provide no method for modification of injury risk based 
upon a child’s developmental stage.   

A list of injuries associated with a pediatric patient’s need for Level I/II TC treatment known as the Target Injury 
List was determined using an approach based on 3 facets of injury: severity, time sensitivity, and predictability. The 
inputs used to create the pediatric-specific AACN algorithm include the Target Injury List (TIL) and 12,058 MVC 
occupants from the National Automotive Sampling System-Crashworthiness Data System (NASS-CDS) 2000-2014. 
The algorithm uses multivariable logistic regression to predict an occupant's risk of sustaining an injury on the TIL 
from the following input variables: delta-v, number of quarter turns, belt status, multiple impacts, airbag 
deployment, and age group. The pediatric-specific AACN algorithm was optimized in order to minimize under 
triage (UT) and over triage (OT) rates with the goal of producing UT rates < 5% and OT rates < 50% as 
recommended by the American College of Surgeons (ACS).  

The OT rates were 44% (frontal), 47% (near side), 43% (far side), 25% (rear), and 49% (rollover). The UT rates 
were 3% (frontal), 3% (near side), 2% (far side), 8% (rear), and 14% (rollover). Note there are not separate 
algorithms for each of the developmental age groups (due to sample size limitations), but these results are for the 
pediatric population as a whole.  

Injury patterns change as children grow and develop.  Current AACN algorithms in industry are not pediatric 
specific. The developed pediatric-specific AACN algorithm uses measurements obtainable from vehicle telemetry 
to predict risk of occupant injury and recommend a transportation decision for the occupant. The AACN algorithm 
developed in this study will aid emergency personnel in making the correct triage decision for pediatric occupants 
after a MVC, and once incorporated into the trauma triage network it can reduce response times, increase triage 
efficiency, and improve overall patient outcome. 
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INTRODUCTION 

Motor vehicle crashes (MVCs) remain a leading 
cause of death and disability in children worldwide. 
According to the Centers for Disease Control (CDC), 
in 2013, MVCs were the leading cause of death 
among U.S. children aged 5-18 years and accounted 
for 3,012 deaths among those aged 0-18 years that 
year in the U.S. [1].  Furthermore, for every pediatric 
fatality due to a MVC, 18 children are hospitalized 
and 400 receive medical treatment of injuries 
sustained in crashes [2]. 

Advanced Automatic Crash Notification (AACN) 
systems can improve the speed and accuracy of field 
triage decisions by alerting control centers that a 
crash has occurred and utilizing vehicle, occupant, or 
crash data to predict which occupants are likely to 
have serious injuries [3-6]. Though several research 
groups have developed AACN algorithms for adults, 
none have yet been developed for children [7, 8]. 
AACN algorithms require an objective measure for 
defining seriously injured patients.  Existing AACN 
algorithms, such as OnStar and URGENCY, use 
metrics based upon the Abbreviated Injury Scale 
(AIS), such as a maximum AIS of 3+ or an Injury 
Severity Score (ISS) of 15+, to define seriously 
injured patients [9, 10]. Other methods of injury 
scoring have been devised, and disputes remain about 
which severity scoring system best discriminates 
seriously injured patients from non-seriously injured 
patients [11-13]. To improve upon trauma severity 
scoring systems used by AACN algorithms and, thus, 
better evaluate an occupant’s need for treatment at a 
trauma center after a MVC, an injury-based approach 
employing three facets of injury (severity, time 
sensitivity, and predictability) was developed in 
adults [14-18]. Given a child’s constant growth and 
development, use of currently-developed AACN 
algorithms in children is problematic because they 
provide no method for modification of injury risk 
based upon a child’s developmental stage.   
 
Due to the differences between adults and children, 
the objective of the study was to develop and 
evaluate a pediatric-specific advanced automatic 
crash notification (AACN) algorithm that uses a more 
comprehensive scoring system than Abbreviated 
Injury Scale (AIS)-based severity to predict the risk 
that a child in a MVC is severely injured and requires 
treatment at a designated trauma center (TC).  The 
overall goal of the pediatric AACN algorithm is to 
reduce response times, increase triage efficiency, and 
improve overall pediatric patient outcomes following 
a MVC.  

METHODS 

Based on National Automotive Sampling-
Crashworthiness Data System (NASS-CDS) 2000-
2014 data, pediatric MVC occupants 18 years and 
younger were analyzed and divided into four age 
classifications based upon injury patterns previously 
studied [19], which coincided with commonly used 
Centers for Disease Control groupings [20]. Thus, 
children were grouped into the following categories: 
0-4, 5-9, 10-14, and 15-18 years. The most frequently 
occurring injuries comprising the top 95% of the 
cumulative weighted injury count were included on 
that age group’s “Top 95% Injury List.”  The Top 
95% List was comprised of 111 unique AIS codes for 
0-4 year olds, 122 unique AIS codes for 5-9 year 
olds, 156 unique AIS codes for 10-14 year olds, and 
194 unique AIS codes for 15-18 year olds. The Top 
95% Lists for all 4 age groups included 250 distinct 
AIS 2+ injuries.   
 
A list of injuries associated with a pediatric patient’s 
need for Level I/II TC treatment, known as the 
pediatric Target Injury List (TIL), was determined 
using an approach based on 3 facets of injury: 
severity, time sensitivity, and predictability. Severity 
refers to the risk that a particular injury poses to 
mortality and morbidity.The Severity Score was 
determined by calculating unadjusted and adjusted 
mortality risk (MR) and disability risk (DR) [21, 22].  
Time sensitivity refers to the urgency with which a 
particular injury requires treatment.  The Time 
Sensitivity Score was determined based upon survey 
of expert physician opinion [23].  Predictability 
quantifies the extent to which injuries may be occult, 
or missed by first responders upon initial assessment. 
The Predictability Score was determined using two 
metrics: an Occult Score and a Transfer Score. The 
Occult Score was developed through the use of 
expert opinion. The Transfer Score was derived 
through the use of the National Inpatient Sample 
(NIS) database.  The scores of each of these facets 
were computed for each injury on the Top 95% List 
for each age group. Each score was normalized on a 
zero to one scale in which scores closer to one were 
more severe, more time sensitive, and less 
predictable. 
 
The inputs to the pediatic AACN algorithm include a 
pediatric TIL and NASS-CDS 2000-2014 cases. The 
TIL is determined by multiplying the Severity, Time 
Sensitivity, and Predictability Scores by a weighting 
coefficient and then summing these values to produce 
a Target Injury Score. Injuries exceeding a defined 
Injury Score Cutoff are then included on the TIL. The 
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TIL is not a static list and is capable of being varied 
in order to optimize the algorithm. Due to the low 
sample sizes across the four age groups and crash 
modes, all pediatric occupants were grouped 
together. As a result, the pediatric TILs were 
collapsed for all ages into one list; however, the 
algorithm still accounts for age as a model variable to 
predict injury risk and assesses the outcome measure 
using the age-specific TIL. Scores for injuries that 
appeared in only one group were copied in the 
collapsed list. Scores for injuries that appeared in two 
or more age groups were averaged together. The 
inclusion criteria for the pediatric NASS-CDS cases 
included occupants aged 0-18 years old with seat 
positions including driver, right front passenger, and 
second row passengers. 
 
The algorithm uses multivariable logistic regression 
to predict the risk of an occupant sustaining an injury 
on the TIL for specified crash conditions.  Five 
separate multivariable logistic regression models 
were created according to crash type: frontal, near 
side, far side, rear, and rollover crash. For the 
purposes of calculating outcome measures, injuries 
sustained by an occupant that did not appear on the 
age-specific TIL were discarded, even if that injury 
appeared in one or more of the other age-specific 
injury lists. The model parameters included in the 
algorithm were longitudinal delta-v, lateral delta-v, 
number of quarter turns, belt status, frontal airbag 
deployment, multiple impacts,  age group, and side 
airbag deployment. Longitudinal delta-v was used for 
the frontal and rear models; lateral delta-v was used 
in the near side and far side models. For the rollover 

crash type, the number of quarter turns was binned 
into six categories: 1, 2, 3-4, 5-6, 7-8, 9-17. Side 
airbag deployment was included in the near side and 
rollover crash modes only. The Risk of any Target 
Injury is calculated with the cumulative distribution 
function (Eq. 1). Logistic regression analyses were 
performed using SAS 9.4 (SAS Institute, Cary, NC) 
and R 3.0.2 (R Foundation for Statistical Computing, 
Vienna, Austria).  Note there are not separate 
algorithms for each of the developmental age groups 
(due to sample size limitations), but these equations 
are used for the pediatric population as a whole. 
 
Risk of any Target Injury=  
 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	     (Eq. 1) 

where α= intercept, β1, β2, β3, β4, β5, β6=parameter 
coefficients for: DV= longitudinal delta-v/lateral 
delta-v/number of quarter turns; Belt= belt status 
(0=no, 1= yes); AB= frontal airbag deployment (0= 
no, 1=yes); MI= multiple impacts (0= no, 1= yes); 
Age= age group (0= 0-4 YO, 1= 5-9 YO, 2= 10-14 
YO, 3= 15-18 YO; **SAB= side airbag deployment 
(0=no, 1=yes, **only for near side and rollover).  

An overview of the algorithm including the data 
sources for the injury score facets, inputs to the 
algorithm including the TIL, NASS cases, and model 
parameters, and output of triage recommendation is 
show in Figure 1.  
 

 

 
  

Figure 1. Overview of 
pediatric AACN 

algorithm. 
(Abbreviations MP, 
predictability score 

multiplier; Ms, severity 
score multiplier; MTS, 
time sensitivity score 

multiplier; NASS-CDS, 
National Automotive 

Sampling 
System - Crashworthiness 

Data System; NIS, 
National Inpatient 

Sample; NTDB, National 
Trauma Data Bank; TC, 

trauma center) 
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The pediatic AACN algorithm features five tunable 
parameters (termed “Variable Parameters”) allowing 
for extensive optimization. The five Variable 
Parameters include the Severity Multiplier, Time 
Sensitivity Multiplier, Predictability Multiplier, 
Injury Score Cutoff, and a Risk Cutoff. The Severity 
Multiplier, Time Sensitivity Multiplier, Predictability 
Multiplier are the weighted coefficients used to 
produce the Target Injury Score. The Injury Score 
Cutoff is the threshold at which an injury is deemed 
to be included on the TIL. The Risk Cutoff is the 
threshold above which a case is deemed to need 
treatment at a Level I/II TC. The pediatic AACN 
algorithm was optimized for each crash mode.   
 
The pediatric algorithm was optimized using a 
genetic algorithm that compared the algorithm 
decision for each NASS-CDS occupant to a 
dichotomous representation of their ISS. Occupants 
with ISS 16+ should be transported to a Level I/II 
TC. OTDA optimization minimized under triage 
(UT) and over triage (OT) rates with the goal of 
producing UT rates < 5% and OT rates < 50% as 
recommended by the American College of Surgeons 
(ACS) [24]. OT was assessed using the False Positive 
Rate (FPR) metric, also known as 1-Specificity [25-
27]. This represents the proportion of mildly injured 
patients that went to a Level I/II TC. UT was 
assessed using the False Negative Rate (FNR) metric, 
also known as 1-Sensitivity [25-28]. This represents 
the proportion of seriously injured patients that did 
not go to a Level I/II TC.   
 
RESULTS 
 
A total of 12,058 NASS-CDS 2000-2014 cases met 
the inclusion criteria for training and evaluating the 
pediatric AACN algorithm. The number of cases 
meeting the inclusion criteria for each crash mode 
included 6,580 frontal cases, 776 rear cases, 2,457 
rollover cases, 1,172 near side cases, and 1,073 far 
side cases.  

The resulting OT and UT metrics for the optimized 
algorithm are listed in Table 1. The OT rates for 
frontal, rear, far side, near side, and rollover all 
met the 50% ACS recommendation.  The UT rates 
for frontal, near side, and far side met the 5% ACS 
recommendation, while the rear UT rates fell 
within the 5-10% recommendation. The OT rates 
were 44% (frontal), 47% (near side), 43% (far 
side), 25% (rear), and 49% (rollover). The UT 
rates were 3% (frontal), 3% (near side), 2% (far 
side), 8% (rear), and 14% (rollover). 

Table 1. Optimized algorithm triage rates by 
crash mode (F= frontal, NS= near side, FS= far 
side, R= rear, Roll= rollover.  
Triage 
Rates F NS FS R Roll 

OT (%) 44.12 46.85 42.57 24.64 49.39 
UT (%) 3.03 3.23 2.27 7.69 13.71 
TP 192 120 43 12 214 
TN 3566 557 591 575 1118 
FP 2816 491 438 188 1091 
FN 6 4 1 1 34 
 
DISCUSSION 
 
The pediatric AACN algorithm was developed with 
an injury-based approach that examined three injury 
facets to identify injuries necessitating treatment at a 
Level I/II trauma center. Large hospital and survey 
datasets containing information on injuries, mortality 
risk, treatment urgency, and hospital transfers were 
used in conjunction with large crash datasets with 
crash, vehicle, occupant, and injury data.  

Traditionally, priority is given to the reduction of UT 
to lower mortality and morbidity with the 
understanding that some elevation in OT is necessary 
to prevent seriously injured patients from being 
undertriaged.  The pediatric AACN algorithm 
reduced UT for all crash modes without elevating OT 
beyond the ACS guidelines.  These results are very 
encouraging as the pediatric AACN algorithm uses 
crash characteristics obtainable from vehicle sensors 
and age group which could be easily be entered by 
parents into an AACN system in their vehicle and 
programmed to update automatically, as date of birth 
and current date would always be available in the 
system. Furthermore, at 14%, there is some room for 
improvement in UT for rollover crashes.  Rollover 
crashes are complex events and determining the 
severity of the event is difficult due to many factors.  
These factors include vehicle geometry, vehicle 
deformation, and subsequent impacts which can alter 
the number of quarter turns a vehicle experiences.  
Additional data elements could be incorporated in the 
future to better quantify the severity as well as to 
better differentiate the types of rollovers. 

CONCLUSIONS 
 
This was the first AACN algorithm created 
specifically for children and, as such, it accounts 
for important differences in injury patterns and 
physiology across different stages of pediatric 
development. The pediatric AACN algorithm was 
optimized in order to minimize under triage (UT) 
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and over triage (OT) rates with the goal of 
producing UT rates < 5% and OT rates < 50% as 
recommended by the American College of 
Surgeons (ACS). The pediatric AACN algorithm 
developed in this study will aid emergency personnel 
in making the correct triage decision for an occupant 
after a MVC, and once incorporated into the trauma 
triage network it can reduce response times, increase 
triage efficiency, and improve overall patient 
outcome. 

ACKNOWLEDGEMENTS 
 
The project team would like to acknowledge the 
National Science Foundation (NSF) Center for Child 
Injury Prevention Studies at the Children’s Hospital 
of Philadelphia (CHOP) and Ohio State University 
(OSU) for sponsoring this study and its Industry 
Advisory Board (IAB) members for their support, 
valuable input and advice. The views presented are 
those of the authors and not necessarily the views of 
CHOP, NSF, CIPT or the IAB members. 

REFERENCES  
 
[1] Centers for Disease Control and Prevention. Web-
based Injury Statistics Query and Reporting System 
(WISQARS): National Center for Injury Prevention 
and Control, Centers for Disease Control and 
Prevention. 
[2] Crandall JR, Myers BS, Meaney DF, Schmidtke 
SZ. Pediatric Injury Biomechanics: Archive & 
Textbook: Springer Science & Business Media; 2012. 
[3] Augenstein J, Perdeck E, Stratton J, Digges K, 
Bahouth G. Characteristics of crashes that increase 
the risk of serious injuries. Annu Proc Assoc Adv 
Automot Med. 2003;47:561-76. 
[4] Lahausse JA, Fildes BN, Page Y, Fitzharris MP. 
The potential for automatic crash notification systems 
to reduce road fatalities. Annu Proc Assoc Adv 
Automot Med. 2008;52:85-92. 
[5] Champion HR, Augenstein JS, Blatt AJ, Cushing 
B, Digges KH, Hunt RC, et al. Reducing highway 
deaths and disabilities with automatic wireless 
transmission of serious injury probability ratings 
from vehicles in crashes to EMS.  18th International 
Technical Conference on the Enhanced Safety of 
Vehicles. Nagoya, Japan 2003. 
[6] Clark DE, Cushing BM. Predicted effect of 
automatic crash notification on traffic mortality. 
Accid Anal Prev. 2002;34:507-13. 
[7] Champion HR, Cushing B. Emerging technology 
for vehicular safety and emergency response to 
roadway crashes. Surg Clin North Am. 
1999;79:1229-40, vii. 

[8] Champion HR, Augenstein J, Blatt AJ, Cushing 
B, Digges K, Siegel JH, et al. Automatic crash 
notification and the URGENCY algorithm: Its 
history, value, and use. Adv Emerg Nurs J. 
2004;26:143-56. 
[9] Bahouth G, Digges K, Schulman C. Influence of 
injury risk thresholds on the performance of an 
algorithm to predict crashes with serious injuries. 
Annu Proc Assoc Adv Automot Med. 2012;56:223-
30. 
[10] Kononen DW, Flannagan CA, Wang SC. 
Identification and validation of a logistic regression 
model for predicting serious injuries associated with 
motor vehicle crashes. Accid Anal Prev. 
2011;43:112-22. 
[11] Meredith JW, Evans G, Kilgo PD, MacKenzie 
E, Osler T, McGwin G, et al. A comparison of the 
abilities of nine scoring algorithms in predicting 
mortality. J Trauma. 2002;53:621-8; discussion 8-9. 
[12] Kilgo PD, Meredith JW, Hensberry R, Osler 
TM. A note on the disjointed nature of the injury 
severity score. J Trauma Acute Care Surg. 
2004;57:479-87. 
[13] Kilgo PD, Osler TM, Meredith W. The worst 
injury predicts mortality outcome the best: rethinking 
the role of multiple injuries in trauma outcome 
scoring. J Trauma. 2003;55:599-606; discussion -7. 
[14] Weaver AA, Barnard RT, Kilgo PD, Martin RS, 
Stitzel JD. Mortality-based quantification of injury 
severity for frequently occuring motor vehicle crash 
injuries. Annu Proc Assoc Adv Automot Med. 
2013;57:235-45. 
[15] Schoell SL, Doud AN, Weaver AA, Talton JW, 
Barnard RT, Winslow JE, et al. Characterization of 
the occult nature of injury for frequently occurring 
motor vehicle crash injuries. Prehospital Disaster 
Med. 2015. 
[16] Schoell SL, Doud AN, Weaver AA, Barnard RT, 
Meredith JW, Stitzel JD, et al. Predicting patients that 
require care at a trauma center: analysis of injuries 
and other factors. Injury. 2015;46:558-63. 
[17] Schoell SL, Doud AN, Weaver AA, Talton JW, 
Barnard RT, Martin RS, et al. Development of a time 
sensitivity score for frequently occurring motor 
vehicle crash injuries. J Am Coll Surg. 
2015;220:305-12. 
[18] Stitzel JD, Weaver AA, Talton JW, Barnard RT, 
Schoell SL, Doud AN, et al. An injury severity-, time 
sensitivity-, and predictability-based advanced 
automatic crash notification algorithm improves 
motor vehicle crash occupant triage. J Am Coll Surg. 
2016;222:1211-9. e6. 
[19] Doud AN, Weaver AA, Talton JW, Barnard RT, 
Petty J, Stitzel JD. Evaluation of developmental 
metrics for utilization in a pediatric advanced 



 

 
 
 

Weaver 6 

automatic crash notification algorithm. Traffic Inj 
Prev. 2016;17:65-72. 
[20] Borse N, Sleet DA. CDC Childhood Injury 
Report: Patterns of Unintentional Injuries Among 0‐
to 19‐Year Olds in the United States, 2000–2006. 
Fam Community Health. 2009;32:189. 
[21] Doud AN, Weaver AA, Talton JW, Barnard RT, 
Schoell SL, Petty JK, et al. Mortality risk in pediatric 
motor vehicle crash occupants: accounting for 
developmental stage and challenging Abbreviated 
Injury Scale metrics. Traffic Inj Prev. 2015;16:S201-
S8. 
[22] Doud AN, Schoell SL, Weaver AA, Talton JW, 
Barnard RT, Petty JK, et al. Disability risk in 
pediatric motor vehicle crash occupants. J Trauma 
Acute Care Surg. 2017;Epub ahead of print. 
[23] Doud AN, Schoell SL, Weaver AA, Talton JW, 
Barnard RT, Petty JK, et al. Expert perspectives on 
time sensitivity and a related metric for children 
involved in motor vehicle crashes. Academic 
pediatrics. 2017;Epub ahead of print. 
[24] American College of Surgeons Committee on 
Trauma. Resources for optimal care of the injured 
patient. Chicago, IL: American College of Surgeons 
Committee on Trauma; 2006. 
[25] Simmons E, Hedges JR, Irwin L, Maassberg W, 
Kirkwood HA, Jr. Paramedic injury severity 
perception can aid trauma triage. Ann Emerg Med. 
1995;26:461-8. 
[26] Wuerz R, Taylor J, Smith JS. Accuracy of 
trauma triage in patients transported by helicopter. 
Air Med J. 1996;15:168-70. 
[27] Cox S, Currell A, Harriss L, Barger B, Cameron 
P, Smith K. Evaluation of the Victorian state adult 
pre-hospital trauma triage criteria. Injury. 
2012;43:573-81. 
[28] Lossius HM, Rehn M, Tjosevik KE, Eken T. 
Calculating trauma triage precision: effects of 
different definitions of major trauma. J Trauma 
Manag Outcomes. 2012;6:9. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 



Hu 1 

EFFECTS OF MALE STATURE AND BODY SHAPE ON THORACIC IMPACT RESPONSE USING PARAMETRIC FINITE 
ELEMENT HUMAN MODELING 

 

Jingwen Hu 
Kai Zhang 
Abeselom Fanta 
Eunjoo Hwang 
Matthew P. Reed 

University of Michigan Transportation Research Institute, 
Ann Arbor, MI, Unite States 

 

Paper Number 17-0314 

 

ABSTRACT 

Among the whole population, small, obese, and/or older occupants are at increased risk of death and serious 
injury in motor-vehicle crashes compared with mid-size young men. Current adult finite element (FE) human body 
models (HBM) have been developed in a few body sizes (large male, midsize male, and small female) with 
reference body dimensions similar to those of the available physical anthropomorphic test devices (ATDs). The 
limited number of body sizes available has resulted in part because the time needed to develop an FE HBM using 
typical methods is measured in months or even years. The objective of the current study was to apply a recently 
developed FE HBM morphing method to generate hundreds of FE human models for occupants with a wide range 
of stature and body shape and using the diverse human models for impact simulations. 

The midsize male THUMS and GHBMC models were used as the baseline models to be morphed into occupants 
with different combinations of stature and body shape. The target geometries were predicted using statistical 
geometry models of external body shape and the skeleton (ribcage, pelvis, femur and tibia) developed previously 
based on 3D body scan and CT data from a total of more than 500 subjects. A landmark-based radial basis function 
(RBF) interpolator was used to morph the baseline models into target geometries. Anthropometric targets for 112 
men were sampled based on US population statistics for age, stature and body mass index (BMI). Using these 
targets, 100 HBMs were developed by morphing THUMS and 12 by morphing the GHBMC model. Pendulum thorax 
impact conditions were applied to 36 morphed THUMS models and 12 morphed GHBMC models to investigate 
effects of occupant characteristics on chest impact responses. 

The morphed models were all automatically generated without any manual adjustment, and their mesh quality 
was reasonable and suitable for impact simulations. The mesh morphing process required about 10-30 minutes 
per model on a contemporary PC. Peak impact forces and chest deflections in the chest pendulum impact 
simulations varied substantially with different models, confirming the need to consider population variation in 
evaluating the occupant responses. The age, stature, BMI, and weight effects on chest impact responses were 
found to be complex but consistent between the morphed THUMS and GHBMC models. The method developed in 
this study can help future safety designs for occupants with a wide range of stature and body shape. 
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INTRODUCTION 

Elderly and obese people are at greater risk of death 
and serious injury in motor-vehicle crashes (MVCs), 
than midsize, young occupants. Kent et al. [1] 
reported that if the injury risks for people of all ages 
were the same as for people at age 20, in the U.S. 
alone there would be 1.13 to 1.32 million fewer 
occupants injured each year. This is nearly half the 
number of total annual injuries in MVCs. Increased 
age in adults is reported to be associated with 
increased serious injury risks to almost every body 
region and in every crash mode, but the age effect is 
especially significant for thoracic injuries [2-4]. 
Several studies using crash injury data have also 
shown that obese occupants are at higher risk of 
injury to the thorax [5-9] and lower extremities 
[5,10-13] in frontal crashes, as compared to normal-
weight individuals. 

Due to increasing life expectancy and decreasing 
birth rates, the proportion of the older population in 
the US, Japan, China, and many other countries is 
increasing, and this increase is expected to continue 
for the next several decades. By 2030, 20% of the US 
population will be age 65 or older 
(http://www.census.gov). Similarly, the proportion 
of people who are obese has increased significantly 
worldwide since the 1980s according to the World 
Health Organization (WHO). In 2014, 39% of adults 
aged 18 years and over were overweight, and 13% 
were obese worldwide. In the U.S., the prevalence of 
obesity was 35.7% in 2009-2010, compared with 
22.9% in 1988-1994 [14].  

The documented evidence that age and obesity are 
strongly related to risks of injury in MVCs, together 
with the projected increase in older and obese 
populations, highlight the potential benefit of safety 
systems specifically optimized for these vulnerable 
populations. 

Finite element (FE) human body models (HBMs) are 
among the most widely used injury assessment 
tools. However, the state-of-the-art FE HBMs, such 
as THUMS v4 [15] and GHBMC models [16], have 
typically been constructed to simulate the same 
small number of body sizes and shapes currently 
represented by the anthropomorphic test devices 
(ATDs), in particular the midsize male, small female, 
and large male. Over the past few years, several 
studies have investigated using mesh morphing 
method to rapidly change the geometry of an 
existing FE human model to occupants with varied 
age, stature, and body mass index (BMI). Shi et al. 

[17] developed four FE human models with different 
BMI levels (25/30/35/40 kg/m2) by morphing the 
THUMS v4 midsize male model into geometries 
representing obese subjects. The obesity effects 
predicted by the models are consistent with those 
reported in PMHS tests (increased body excursions 
and submarining tendency) and field data (increased 
injury risks for the chest and lower extremities). 
Schoell et al. [18] developed a 65 year-old midsize 
male model by morphing the GHBMC midsize male 
model. The geometries of the brain, head, ribcage, 
pelvis, femur, and tibia were predicted by statistical 
geometry models, and the material properties of the 
head, thorax, pelvis, and lower extremities were 
adjusted based on the literature. More recently, 
Hwang et al.[19] and Hu et al. [20] morphed THUMS 
v4 and GHBMC models to represent occupants with 
a wide range of age, stature, and BMI. In all these 
previous studies, the mesh morphing approach 
eliminated the costly and time-consuming process of 
building entirely new human models for each 
desired occupant size and shape, but only a few 
morphed models were generated and they have not 
yet been used to study the human impact responses 
considering the stature, age, and body shape effects. 
In addition, it is not clear whether different baseline 
models would affect the general trends of occupant 
characteristics (e.g. stature, age, and body shape) 
effects on their impact responses provided by the 
morphed models. 

Therefore, the objective of this study was to (1) 
demonstrate the feasibility of rapidly generating a 
large set of FE human models for occupants with a 
wide range of stature and body shape by morphing 
different existing human models and (2) use the 
diverse human models to investigate the effects of 
stature, body shape, and age on thorax impact 
response using a standardized test protocol. 

 

METHODS 

Two Baseline FE Human Models 

In this study, two state-of-the-art FE human models, 
THUMS v4 and GHBMC v4.4 midsize male models 
(Figure 1), were used as the baseline model to be 
morphed into occupants with a wide range of 
stature and body shape. The geometry of the 
THUMS midsize male model is based on a 39-year-
old man with a stature of 173 cm and a weight of 
77.3 kg. The model has 1.8 million elements with a 
final stature of 175 cm and weight of 77 kg. The 
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geometry of the GHBMC midsize male model is 
based on a 26-year-old man with a stature of 174.9 
cm and a weight of 78 kg. The model has 2.2 million 
elements with a final weight of 76.8 kg. Both models 
contain detailed anatomical structures of the human 
body, including the skeleton, cartilages, internal 
organs, ligaments, muscles, major arteries and veins, 
and other soft tissues. Both models have also been 
validated extensively against test results from post-
mortem human subjects (PMHSs) [15,16,21-23]. 
Overlaying the skeletons and external body shapes 
between the THUMS and GHBMC (Figure 1) by 

matching their hip joints and eye fore-aft locations 
demonstrates that their geometries are different. 
More specifically, the THUMS model has slightly 
longer femur bones, but shorter torso than the 
GHBMC. The rib angles in GHBMC are slightly flatter 
than the THUMS, resulting in slightly deeper ribcage. 
The GHBMC model also seems slightly more 
muscular than the THUMS model based on the 
shapes of the chest, abdomen, and thigh. These 
differences highlight the variations among human 
geometry even with the same target stature and 
weight. 

 
Figure 1. Comparison between THUMS v4 and GHBMC v4.4 midsize male models

Parametric Human Models through Mesh Morphing 

The steps for morphing the THUMS and GHBMC 
models were similar (Figure 2). The process began 
with statistical shape models for the ribcage, pelvis, 
femur, and tibia, along with external body shape 
models of human geometry that describe 
morphological variations within the population as 
functions of overall parameters (typically age, sex, 
stature, and BMI). These statistical models have 
been developed previously based on 3D body scan 
and CT data from a total of more than 500 subjects. 
Mesh morphing methods developed previously were 
then used to rapidly morph a baseline human model 
into target geometries while maintaining high 
geometry accuracy and good mesh quality. Given a 
target sex, age, stature, and BMI, the statistical 

human geometry models predict thousands of points 
that define the body posture [24-26], the size and 
shape of the external body surface [27], and ribcage 
[28,29] and lower extremity bone geometries 
[30,31]. The skeleton and external body shape 
geometries were integrated together based on the 
landmark and joint locations shared in both skeleton 
and external body shape models [19]. Once the 
target geometries were developed, the baseline 
model can be morphed to match the target 
geometries using a landmark-based 3D non-linear 
interpolation techniques based on radial basis 
functions (RBF). More details on the mesh morphing 
methods have been published previously 
[17,19,20,32-34]. 
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Figure 2. Methods for rapid development of parametric human FE models for a diverse population 

 

To morph different baseline models (i.e. THUMS and 
GHBMC) into geometries predicted by the same set 
of statistical skeleton and body shape models, each 
of the baseline models has to be linked to the 
statistical geometry models. To do that, each 
baseline model was treated as a subject in the same 
way as that used for collecting the geometry data. 
Specifically, landmarks were first identified on each 
of the 24 ribs, sternum, pelvis, femurs, tibias, and 
the external body shape on the baseline models. 
Then the template meshes used to develop the 
statistical geometry models were morphed and 
projected onto the corresponding skeleton and body 
shape surface meshes of the baseline models. This 
mesh mapping process set up the correspondence 
between the template meshes of the statistical 
geometry models and the surface meshes from the 
baseline models. After that, with any given age, sex, 
stature, and BMI, the surface meshes of the ribcage, 
pelvis, femur, tibia, and the external body shape in 
the baseline model could be morphed into the 
statistical-model-predicted geometry. These 
morphed meshes for the skeleton and external body 
surfaces served as the landmarks for morphing all 
the other components in the whole body. 

The whole-body mesh morphing methods were 
slightly different between the THUMS and GHBMC 
models due to their differences of mesh density in 
the skeleton and external body shape. In particular, 
the THUMS model was divided into ten regions with 

each region being morphed separately first and the 
combined. As for the GHBMC model, because of the 
high mesh density on the skeleton and external body 
surfaces, the regional morphing approach still 
required over 30,000 landmarks in some regions, 
which significantly increased the computational 
time. To solve this problem, a sequential mesh 
morphing method was used for the GHBMC model, 
in which the mesh morphing was conducted 
component by component. The components 
typically represent a single bone, ligament, muscle, 
or internal organ. For morphing a single component, 
the surface nodes of that component were first used 
to search a set of the nearest landmarks around the 
component. The landmarks are either from the 
morphed skeleton or body shape based on the 
statistical geometry models or from the previously-
morphed components. The mesh morphing was 
conducted one-by-one sequentially until all the 
components were morphed. Because only a limited 
number of landmarks were used for each mesh 
morphing, the total computational time was 
significantly reduced compared to the regional mesh 
morphing. In all the morphed models, material 
properties were unchanged to allow consideration of 
exclusively geometric effects. 

Human Model Sampling 

A total of 100 male human models were developed 
by morphing the THUMS to all combinations of five 



 

Hu 5 

statures (162, 170, 175, 180, and 188 cm), five BMI 
levels (20.4, 24.2, 27.4, 31.2, and 39.2 kg/m2), and 
four ages (20, 40, 60, 80 years old). A total of 12 
human models were developed by morphing the 
GHBMC to all combinations of two statures (175 and 
188 cm), three BMI levels (25, 30, and 35 kg/m2), 
and two ages (30 and 70 years old). All the morphed 
models were run without loading for 1 ms to verify 
their integrity. 

Thorax Pendulum Impact Simulations 

Thorax pendulum impact simulations were 
conducted with 36 morphed THUMS models (three 
statures, three BMI levels, and four ages) and all 12 
morphed GHBMC models. The pendulum impact 
condition followed that used in a study with PMHSs 
by Kroell et al. [35], in which a 23.4-kg and 15-cm-
diameter cylindrical hub impactor was used to 
impact the PMHS at the mid sternum with an impact 
velocity of 6.7 m/s. The model-predicted thorax 
impact responses (force vs. chest deflection) were 
compared among the morphed models. The chest 
deflection was calculated based on the bone 
deformation on the mid sternum relative to the 
ribcage depth. The age, stature, BMI, and weight 
effects on the peak force and peak deflection were 
analyzed. 

RESULTS 

Morphed Human Models 

The mesh morphing for both THUMS and GHBMC 
models was finished automatically without any 
manual adjustment. Per model, it took 10-15 
minutes for morphing the THUMS and about 30 
minutes for morphing the GHBMC model on a 
contemporary PC. Examples of the morphed human 
models based on THUMS and GHBMC are shown in 
Figure 3. The weights of all the morphed models 
were slightly lower than the theoretical values based 
on BMI, but the discrepancies are all less than 2% of 
the total target weight. This is consistent between 
the morphed THUMS and GHBMC models. The mesh 
quality of the morphed models is slightly lower than 
the baseline THUMS and GHBMC models. The 
smallest Jacobian values of the solid elements in all 
morphed models range from 0.03 to 0.25, compared 
with 0.30 in the baseline THUMS and GHBMC 
models. The number of solid elements with <0.3 
Jacobian for each of the 112 morphed models is 
typically less than 100 (out of ~2 million elements in 
the THUMS and GHBMC models). For all the models, 
no error occurred in the 1-ms no loading simulation. 

 

 
Figure 3. Examples of morphed THUMS and GHBMC models 
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Pendulum Impact Simulations 

All thorax pendulum impact simulations finished 
without error. Figure 4 shows the impact force vs. 
chest deflection curves from the 36 morphed 
THUMS models and 12 morphed GHBMC models. 
Generally speaking, the thorax impact responses 
were similar between the morphed THUMS and 
GHBMC models, although the morphed GHBMC 
models showed slightly higher impact force and 
chest deflection. The model-predicted peak impact 
forces and chest deflections varied substantially with 
different morphed models, confirming the need to 
consider population geometry variation in evaluating 
the occupant response. The morphed THUMS 
models showed larger variations in the impact 
responses than the morphed GHBMC models likely 
due to their wider ranges of age, stature, and BMI.  

The age, stature, BMI, and weight effects on the 
peak impact force and peak chest deflection based 
on the morphed THUMS models are shown in Figure 
5, in which several preliminary but interesting trends 
can be found. First, the BMI, stature and weight 
effects on both the peak force and deflections are 
generally consistent. In particular, the shorter, 
leaner or lighter subjects tended to have slightly 
higher peak force and chest deflections than tall and 

heavy subjects. This is especially true for the 
shortest and leanest subjects on peak force, but the 
trend is not always consistent. Second, the age 
effect may be opposite to our expectation, as the 
increase in age led to stiffer thorax with higher peak 
force and lower chest deflection. Note that the 
material properties in these models were not 
changed. Therefore, the trend shown here only 
reflected the age-related geometry effects, but not 
the material property effects. Third, there are 
complex nonlinear and interaction effects among the 
occupant characteristics, as many lines in Figure 5 
are curved and sometimes their slopes are in 
opposite directions.  

The age, stature, BMI, and weight effects on the 
peak impact force and peak chest deflection based 
on the morphed GHBMC models are shown in Figure 
6. The general trends are similar to those based on 
the morphed THUMS models, although all the trends 
are less evident due to the smaller ranges of age, 
stature, and BMI in the morphed GHBMC models.  

These results highlight the capability of parametric 
human models for exploring and understanding the 
variation and complexity of human impact 
responses. 

 

 
a) 36 Morphed THUMS models   b) 12 Morphed GHBMC models 

Figure 4. Pendulum impact simulation results 
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Figure 5. Occupant characteristic effects on chest impact responses based on the morphed THUMS models 

A: Age(year-old), H: Height(cm), and BMI: Body Mass Index(kg/m2) 
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Figure 6. Occupant characteristic effects on chest impact responses based on the morphed GHBMC models 

A: Age(year-old), H: Height(cm), and BMI: Body Mass Index(kg/m2) 
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DISCUSSION 

This study generated a large set of FE human models 
by morphing two different baseline human models, 
and demonstrated that the mesh morphing method 
works well even for baseline models with slightly 
different posture and skeleton/body shape 
geometries. Although mesh morphing slightly 
reduced the mesh quality, the results were sufficient 
for impact simulations without any manual 
improvement. This result also indicated that the 
mesh morphing method used in this study can be 
applied to any other FE occupant models. 

A total of 48 morphed models were used for thorax 
pendulum impact simulations. The results 
demonstrated the value of using a large set of 
human models to study the variations in human 
impact responses and the age, stature, and BMI 
effects on those responses. Because the material 
properties were not varied in the morphed models, 
the model-predicted response variations mainly 
reflected the geometry effects associated with age, 
stature and BMI. Since we focused on the thorax 
impact responses in this study, the results predicted 
by the morphed models were varied largely due to 
the ribcage and body shape geometry variations.  

The complex stature, weight, and BMI effects on the 
peak impact force are likely due to a combination of 
inertia and padding effects. That is, the same 
pendulum transferred less energy to heavier 
subjects than lighter ones, and more flesh on the 
chest may have reduced the peak force. On the 
other hand, taller and more obese subjects have 
flatter rib angle and deeper ribcages, and 
consequently their chest deflection ratios (in %) 
relative to the chest depth would be smaller than 
the short and lean subjects even with the same chest 
deflections (in mm). Similarly, older subjects created 
by these models have flatter ribs and deeper 
ribcages than young subjects. As a result, their chest 
deflection ratio (in %) may be lower as well. 
However, the age effects on the peak impact force 
are complex and could be affected by at least two 
geometrical factors. One is that the flatter rib angles 
in older subjects may increase the ribcage stiffness, 
yet older subjects also have less flesh tissues on the 
chest and more adipose tissues in the abdomen. 
Regardless the reasons for those preliminary trends, 
both the morphed THUMS and GHBMC models show 
consistent trends from age, stature, BMI, and 
weight. The mesh morphing method effectively 
introduced the geometry variations into the human 

models, making the morphed models capable of 
simulating occupant characteristic effects on human 
impact responses. 

This study has substantial limitations. Only the 
ribcage, pelvis, femur, tibia and external body shape 
geometries were estimated based on the statistical 
models, other skeleton geometries, such as the skull 
and cervical spine, need to be considered in the 
future. The morphed human models were not 
validated against any PMHS tests, although a 
preliminary investigation has suggested that subject-
specific modeling of PMHS tests will provide an 
avenue for validating parametric HBMs [36]. In the 
current study, material properties were not changed 
with different age, stature and BMI. Many previous 
studies have documented significant changes in 
material properties with age [37-40], but it is not yet 
clear whether changes in material properties have 
important effects on response as well as tolerance 
relative to the effects of geometry across the 
population. The methodology used here creates 
“average” HBM given the anthropometric targets. 
The complexity of the responses even in this simple 
biomechanical test suggests that considerably more 
work is needed to understand the relative 
importance of various factors. HBMs provide the 
ideal tool for these investigations, because PMHS 
necessarily individually vary on all factors, making 
controlled studies of such factors as flesh padding 
and rib angle problematic. Further research using 
parametric HBM will allow a greater understanding 
of the geometric, material, and other factors that 
result in the observed wide differences in occupant 
risk in crashes. 

 

CONCLUSIONS 

This study generated a large set of FE human models 
by morphing two baseline human models (THUMS 
and GHBMC), and demonstrated the feasibility of 
rapidly generating a large set of FE human models 
without manual mesh adjustment. Pendulum thorax 
impact simulations with a subset of the morphed 
models showed substantial variations in the thorax 
impact responses with different models, confirming 
the need to consider population variation in 
evaluating the occupant response. The age, stature, 
BMI, and weight effects on the thorax impact 
responses were complex but fairly consistent 
between the morphed THUMS and GHBMC models. 
The method developed in this study can help 
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improve vehicle safety for occupants with a wide 
range of characteristics. 
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ABSTRACT  
Assisted and automated road transport requires extensive testing procedures to verify and validate safety 
performance under varying conditions. Virtual test drives with computer simulation models are being used by the 
automotive industry, because they can decrease costs in the development cycle and can comprise high numbers of 
scenarios with combinations of varying factors. Finding the key driving scenarios for the simulations is currently 
one of the main challenges. This paper presents a new data analysis method to generate such “benchmark” 
scenarios from historical crash data. It applies the k-medoids clustering method to partition the crashes into 
distinct groups. Then, association rule mining is used to define further parameters for each cluster, which 
constitute the key scenarios for simulation experiments. The method is demonstrated by analyzing 1326 
junction accidents from an English in-depth database, which resulted in nine clusters for T-junctions, and six 
clusters for crossroads. Association rules revealed common crash characteristics, which were the basis for the 
scenario description. In total, 34 scenarios were identified, which constitute the core population of crash situations 
at UK junctions. 
 
 



 

Nitsche  2                       

INTRODUCTION 

The technical reliability of assisted and automated 
road transport depends on the functionality under 
varying road infrastructure and conditions as well as 
on a safe interplay with traditional vehicles and 
vulnerable road users. Consequently, testing and 
validation procedures for those systems are paramount. 
Virtual test drives with computer simulation models 
are being used by the automotive industry, because 
they can decrease costs in the development cycle and 
can comprise high numbers of scenarios with 
combinations of varying factors [1], [2]. Simulations 
are done in the form of driving simulator studies, 
microscopic traffic flow simulations or 
submicroscopic vehicle dynamics simulations. This 
study focuses on the latter type of simulation for safety 
evaluation. In general, a main challenge for virtual 
testing is to identify the “benchmark scenarios”, which 
constitute the core population of critical driving 
situations to be included in the tests [3]. This paper 
presents a method to generate such scenarios by 
mining historical crash data. 

Concerning road safety, it is still not clear what impact 
automated vehicles will have on crash risk, and what 
kinds of (new) risks they might cause. In particular, 
the safety risks coming with a mixed vehicle 
population, namely traffic with both driverless and 
driver-operated vehicles are still subject to research. 
This study assumes that there will be a certain overlap 
between the risks of traffic with driver-operated 
vehicles only and the risks of mixed traffic. Therefore, 
the method is based on historical accidents caused by 
humans, also simply due to the fact that there are too 
few accident records with automated vehicles. 
Additional factors comprising possible risks for 
automated vehicles are subject to parametrizing the 
simulation models, e.g. vehicle sensor failure, poor 
visibility due to weather conditions or sight 
obstructions.  

The approach presented in this paper combines a well-
known clustering method for categorical data, namely 
k-medoids [4], with a data mining technique called 
association rules or market basket analysis [5]. The 
section that follows explains the methodology to 
identify safety-critical driving scenarios, including the 
steps necessary to process crash data, a description of 
k-medoids and the approach of how to derive detailed 
scenario parameters from association rules. The 
method has been applied to a sample of historical data 
of junction accidents in the UK. The results of the 
derived junction scenarios are presented, before the 
paper is concluded with a discussion about the 
practical application of the work, a summary as well as 
with final remarks about future work. 

METHOD 

The methodology flow chart is depicted in Figure 1. 
Inspired by a study from Kumar and Toshniwal (2015) 
[6], the idea was to initially partition accident data by a 
clustering technique for categorical data, and then 
apply the association rule method on the data subsets. 
The following subsections explain the steps in detail. 

 

 

Figure 1. Overview of the methodology 
 
Data processing and attribute selection 
For the purpose of deriving detailed scenarios for 
virtual test drives, it is recommended to use an in-
depth accident database. The data used for this study 
stems from a project called OTS (On-The-Spot), which 
was commissioned by the UK Department for 
Transport and the Highways Agency (HA). It aimed to 
establish an in-depth research database of a 
representative sample of road accidents in the UK, to 
better understand the cause of accidents and injuries 
[7]. In total, a dataset of 1056 samples of junction 
crashes were extracted according to the following 
filters: It must have happened at a junction excluding 
roundabouts, there must have been at least one person 
injured and there must have been at least two involved 
road users with at least one being a car driver. The data 
was then structured on a driver level, so that there is 
one record per driver, which increased the sample size 
to 1540, because some crashes involved more than one 
driver. Thus, a sample is henceforth denoted as 
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”situation” from the drivers’ perspective rather than as 
“crash”. 

In general, when using accident data, it has to be 
processed before a clustering method can be applied. 
One important initial step is to select only those 
attributes relevant for the outcome of the study. For the 
example of the junction crash study, detailed injury 
data, in-depth vehicle damage information or occupant 
data such as age or gender was not relevant and 
therefore excluded. The remaining variables were 
further reduced according to the following steps, 
similar to a study by Uno et al. (2013) [8]: 1) Exclude 
low-semantic variables, e.g. Case ID, weekday etc., 2) 
Exclude variables with values having an occurrence 
higher than 94%, 3) Group highly-correlated variables 
with a correlation coefficient greater than 80% and 4) 
Exclude variables having unknown values in more 
than 30% of all samples.  

All selected attributes are categorical and were 
converted to the binary-coded format as a preparation 
for the clustering. Samples with attributes that were 
unknown, i.e. missing values, were removed from the 
data set, which reduced the sample size to 1326 
situations. 

Attribute grouping into Level 1 and 2 
All attributes were divided into two levels. Level 1 
includes a reduced set of attributes describing the 
collision parameters, for better partitioning and easier 
interpretation of the results, while Level 2 adds 
additional attributes describing the environment and 
causation factors. Level-1 data (see Table 4 in the 
Appendix) is used as input for the k-medoids 
clustering algorithm and level-2 data (see Table 5 in 
the Appendix) for finding association rules. The main 
reasons why this two-level approach has been chosen 
are the following: On the one hand, the k-medoids 
method achieved better clustering results on a smaller 
set of attributes. No clear partitioning was achieved 
when using all available attributes. On the other hand, 
the results from applying the association rules on the 
whole dataset (without prior clustering) would be hard 
to interpret due to the high number of obtained rules. It 
must be noted that depending on the sample size and 
attribute dimensionality, millions of rules might be 
computed. This would require post-processing by 
applying dedicated algorithms or pruning techniques.  

Clustering of crashes 
Dedicated statistical methods are necessary to analyze 
categorical data, among which are SQEEZER [9], 
ROCK [10], LIMBO [11], STIRR [12], Link 
Clustering [13] or CACTUS [14]. Also, conventional 
clustering algorithms were modified to deal with 
categorical data, such as k-modes [15], [16], k-
histograms [17], k-medoids [4] or Generalized Self-

Organizing Maps [18], all of which have their 
advantages for different applications. Basically not a 
clustering method, but a popular classification 
algorithm for categorical data is Latent Class Analysis 
[19], which is a model-based approach, assuming that 
a mixture of underlying probability distributions 
generates the data.  

The k-medoids method was chosen for the clustering, 
because it can cope with categorical data and it is 
robust against outliers. It uses objects called medoids 
instead of centroids, as the popular k-means method 
does. Instead of using the mean as center of the cluster, 
a member of the cluster is chosen as center, whose 
average dissimilarity to all the objects in the cluster is 
minimal. Thus it is more robust to outliers, because it 
does not minimize a sum of squared Euclidean 
distances, as k-means does. Furthermore, k-medoids 
allows clustering categorical data, where a mean is 
impossible to define. For this reason, an alternative 
dissimilarity measure has been applied, namely the 
Hamming distance [20], [21].  

The PAM (Partitioning-Around-Medoids) algorithm 
was used, because it is most appropriate for the given 
sample size [4]. It minimizes the overall dissimilarity 
between the medoids of each cluster and its members. 
PAM uses a greedy search, which may not find the 
optimum solution, but it is usually faster. PAM works 
effectively for small data sets such as the underlying 
junction crash data. For larger datasets, alternative k-
medoids algorithms should be used, such as CLARA 
(Clustering Large Applications) [4]. The k-medoids 
clustering was implemented in MATLAB by using the 
in-built library. 

Deriving benchmark scenarios 
After obtaining a reasonable number of clusters with a 
reduced set of variables (level-1), the next step is to 
get more information on the underlying patterns of 
accident attributes. Those attributes will further define 
the simulation parameters. As a popular and simple 
data mining technique, various researchers used 
association rules to discover patterns in their data [6], 
[22]–[25]. It is a method to discover associations 
between attributes, also called “frequent itemset 
mining”. A popular example of association rules is the 
market basket analysis, where retailers can get insights 
into which items are frequently purchased together so 
that marketing strategies and product shelving can be 
optimized. For example, if a customer buys “beer”, 
then he/she often buys “crisps”. This would be 
expressed as “beer → crisps”, where the item “beer” is 
called the antecedent and the item “crisps” the 
consequent. One itemset  can contain multiple items. 
Applying the association rules terminology to the 
accident dataset, then each sample is called a 
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transaction, and each attribute is an item , , … , ∈ . An association rule can be written in 
the following mathematical form: →  where ⊂ , ⊂ 	 	 ∩ = ∅.  

Each rule is characterized by its support and its 
confidence. The support value is the percentage of 
transactions within the dataset that contain both  and 

. In other words, it is a measure on how often the rule 
was found in the dataset. Equivalently, the confidence 
is the conditional probability of the consequent  
given the antecedent . Hence, it is the percentage of 
transactions containing  that also contain  and 
measures the strength of the rule.  The difference 
between the two measures is that two rules with 
flipped antecedent and consequent would both have 
the same support value, however, they would not have 
the same confidence, because the direction is taken 
into account. 

The most common implementation of association rules 
was proposed by Agrawal et al. (1993) [5], who called 
their method the Apriori algorithm. Accordingly, 
finding association rules involves two steps: 1) Find all 
frequent itemsets and 2) generate association rules 
from the frequent itemsets.  

Step 1: The algorithm necessitates two parameters, 
namely a minimum support threshold, and a minimum 
confidence. By definition, if an itemset is below the 
minimum support threshold, then it is not frequent. If 
so, all its subsets must also be infrequent and can be 
pruned. In contrary, any subset of a frequent itemset 
must be frequent. By following this principle 
iteratively, the number of possible itemset 
configurations can be reduced tremendously with a 
simple algorithm. 

Step 2: The second step is to generate rules from the 
frequent itemsets found in Step 1. Here, the minimum 
confidence threshold comes into play: For each 
frequent itemset , all nonempty subsets are generated. 
For every non-empty subset  of , create the rule → ( − ) if the minimum confidence for this rule is 
given. Since the rules are generated from frequent 
itemsets, each one also satisfies the minimum support. 
In this way, strong association rules can be found. 

Depending on the data dimensionality, and on how 
low the minimum support and confidence thresholds 
have been set, the algorithm might produce millions of 
rules. To reduce this number, this paper uses a metric 
called lift, also known as “interestingness”, which is 
calculated as given in Equation 1. 

 ( → ) = ( ∪ )( ) ∙ 	( ) (Eq. 1) 

A lift value >1 indicates a positive dependence 
between  and , meaning that the occurrence of one 
implies the occurrence of the other. Equivalently, if a 
rule has a lift value <1, then  and  are negatively 
correlated, meaning that the occurrence of one leads to 
the absence of the other. If the lift equals 0, then  and 

 are independent [26]. 

In theory, it is desirable to obtain rules with high 
support, high confidence and a lift value much greater 
than 1. The idea of this paper implies the analysis of 
certain accident situations and characteristics, which 
can be very rare [27]. After experimenting with 
different values, a minimum support of 0.03 was 
chosen, so that all itemsets occurring in less than 3 
percent of the samples are disregarded. Choosing a 
lower threshold results in an increase of computation 
time and rules, and choosing a higher support value 
might disregard relevant information about the 
clusters. In this study it is preferred to obtain rules, 
where the probability of the consequent given the 
antecedent is higher than 85 percent, i.e. the minimum 
confidence is set to 0.85. Additionally, only rules with 
a lift>1.25 are considered for the results. 

RESULTS AND INTERPRETATION 

Clusters obtained 
For the given junction crashes, the dataset was divided 
into crashes at T-junctions and crashes at crossroads 
for easier interpretation. For other types of junctions 
(e.g. private drives, pedestrian crossings), the sample 
size was too small (n=28) to compute clusters. 

The silhouette analysis was used to measure how well 
the clusters separate the data [28]. Each cluster is 
represented by silhouette coefficients, which provide a 
measure of how close each point in one cluster is to 
points in the neighboring clusters. Observations with 
silhouette coefficients near 1 are very well clustered, 
while observations with negative values are probably 
placed in the wrong cluster. The average silhouette 
width provides a measure for clustering validity, and is 
used to choose the most appropriate number of 
clusters. The best number of clusters k was achieved 
by iteratively stepping from = 2 to = 15 
clusters. Experiments with the dataset showed that a 

 greater than 15 does not result in any more 
change of the error function, as the curve flattens. For 
the T-junction dataset with 930 samples, = 9 was 
found to be most valid for separating the clusters (see 
Table 2 left).  

The entire clustering is displayed by combining the 
silhouettes into a single plot, as seen in Figure 2 (right) 
for the T-junction dataset. The height of the silhouette 
represents the cluster size. The number of those 
samples with a negative value is considerably low, 
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expect for cluster 2, where the mean silhouette value 
suffers compared to the other clusters. Cluster 2 must 
therefore be treated carefully when interpreting the 
results. Equivalent figures have been produced for the 
crossroads dataset with 368 samples, which resulted 
in	 = 6. 

Figure 2. Mean silhouette values for all k’s (left) 
and Silhouette plot for k=9 (right) for T-junction 
clusters 
 
The frequencies of the attributes within each cluster 
were compiled in Table 1 for crossroads and Table 2 
for T-junctions. Cells shaded in grey indicate that the 
distribution of numbers for the given field is 
significantly different from the distribution in the 
whole population (chi-square test to 99.5% 
significance) and that the particular number 
highlighted is over-represented. For all crossroad 
clusters in Table 1, the chi square test was not applied 
to the attribute groups “First interaction” and 
“Maneuver” due to expected frequency values lower 
than 5. For the attribute group “First impact”, only 
cluster X-C1 had sufficient frequency values for a chi 
square test. 

As an example, Cluster T-C9 is selected for further 
explanation. As seen in Table 2, T-C9 is characterized 
by serious or fatal injury (“SerFatInj”) in 100% of all 
53 samples. “Front” impact is overrepresented, and the 
maneuver “Going Straight” and junction shape “T-
minL” are frequent attributes. In 37 of the situations, 
the car driver collided with another car driver. Given 
the distributions in the table, the cluster can be 
described as follows: “The car hits another car with 
its front resulting in serious or fatal injury, while 
going straight on a road with a minor road joining 
from the left.” 

Similar “stories” were created for all other clusters. 
However, for a simulation experiment, this “story” is 
not sufficient, e.g. it lacks information about other 
collision circumstances. The section that follows 
explains how those cluster descriptions were extended 
with additional information from association rules. 
Note that all crashes in the data occurred on UK roads 
with left-hand traffic. 

Table 1. 
Cluster results for crossroads (k=6, n=368) 

 
Group Level-1 

Attrib.* 
X-
C1 

X-
C2 

X-
C3 

X-
C4 

X-
C5 

X-
C6 

 Samples 142 60 48 49 35 34 
Max. 
injury  

Uninj 22 13 8 10 4 4 
SlightInj 98 39 35 29 28 24 
SerFatInj 22 8 5 10 3 6 

Junctio
n shape 

X-minJ 142 0 48 0 0 34 
X-brkM 0 60 0 49 35 0 

First 
inter-
action 

Car 118 44 38 39 30 28 
Truck 9 4 4 6 2 4 
P2W 3 7 1 3 1 0 
Other 3 1 1 0 0 2 
Cycle 2 2 4 1 1 0 
Pedestr 7 2 0 0 1 0 

Man-
euver 

Straight 116 32 25 35 25 29 
Other 4 0 0 0 0 1 
TurnL 5 9 2 2 1 1 
TurnR 15 19 21 12 9 3 
WaitTR 2 0 0 0 0 0 

First 
point 
of 
impact 

Back 12 5 0 0 0 0 
Front 130 55 0 0 0 0 
Nearside 0 0 48 0 35 0 
Offside 0 0 0 49 0 34 

*See descriptions in the Appendix (Table 4) 

Table 2. 
Cluster results for T-junctions (k=9, n=930) 

 
Level-1 
Attrib.* 

T-
C1 

T-
C2 

T-
C3 

T-
C4 

T-
C5 

T-
C6 

T-
C7 

T-
C8 

T-
C9 

Samples 257 160 71 52 127 50 63 97 53 
Uninj 0 21 7 7 19 4 63 10 0 
SlightInj 257 113 61 38 96 6 0 79 0 
SerFatInj 0 26 3 7 12 40 0 8 53 
T-minL 239 0 1 0 0 1 58 3 48 
T-minR 0 32 67 52 127 31 0 0 0 
T-term 18 128 3 0 0 18 5 94 5 
Car 216 98 61 37 100 3 53 69 37 
Truck 20 9 6 3 8 4 7 3 8 
P2W 6 25 3 4 7 36 0 16 2 
Other 8 6 1 3 5 1 2 2 2 
Cycle 3 16 0 5 2 4 0 7 1 
Pedestr 4 6 0 0 5 2 1 0 3 
Straight 240 0 17 6 122 3 50 7 49 
Other 9 12 10 4 5 3 4 2 4 
TurnL 6 29 0 1 0 2 7 14 0 
TurnR 1 115 5 41 0 41 1 69 0 
WaitTR 1 4 39 0 0 1 1 5 0 
Back 25 15 55 0 0 0 10 0 4 
Front 162 126 1 0 102 6 35 0 37 
Nearside 45 19 1 46 0 3 10 0 7 
Offside 25 0 14 6 25 41 8 97 5 
*See descriptions in the Appendix (Table 4) 

Scenarios for vehicle testing 
This section presents the results of the association 
rules method for the given junction crash data, which 
define the scenario parameters for simulations. The 
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analysis of association rules is easier when the 
consequent is predefined. A useful attribute to give a 
clearer indication about the crash circumstances is the 
collision type (indicated by letters A to Q in the OTS 
data specification). For cluster T-C9, the collision type 
J (Crossing with Vehicle Turning) was found to be the 
most frequent. Therefore, all rules obtained for the 
clusters were post-processed in a way that the 
consequent (“right-hand side” of the rules) gives the 
collision type J. Table 3 shows an extract from the 
rules obtained, namely the Top20 rules with the 
highest support value. It can be seen that the 
precipitating factor “failure to give way by other 
participant” is often associated with this collision type 
(see rules number 1 to 6). Furthermore, wet surface, 
rural area and daylight (“Light_DayNSL”) can be seen 
as dominant attributes. Rules number 9, 14 and 15 
indicate that the driver was seriously injured in this 
scenario. For easier interpretation, each set of rules 
was further visualized by directed network graphs (see 
Figure 3). The nodes represent the attributes included 
in the itemsets. The thickness of each edge indicates 
the amount of associations identified between the 
different items. 

The network graph helps to create a more detailed 
“story” about this particular scenario: 

“Car A goes straight and collides with 
car B, which turns right from a minor 
road joining from the left. This happens 
on a rural single carriageway with 40 
to 50 mph speed limit without active or 
static yield instruction and is caused by 
B failing to give way. The surface is wet 
and A suffers serious or fatal injury.” 

T-9.1  

 

 

Figure 3. Network graph to visualize association 
rules (see attribute description in the Appendix) 

Following this principle, all clusters have been 
analyzed according to the collision types that 
occurred within the clusters. This resulted in 34 
different scenario descriptions. 

Figure 4 depicts simplified sketches of all high-risk 
scenarios, which resulted in serious or fatal injury or 
involved vulnerable road users. More precisely, the 
scenarios include crash situations from the T-junction 
clusters T-C2, T-C6 and T-C9, and from the 
crossroads clusters X-C1, X-C2, X-C4 and X-C6. The 
red dots in the figures are the points of impact (i.e. 
front, offside or nearside). Surface conditions, area 
(rural, urban), speed limits, vehicle types and injury 
levels are not shown for better readability. 

 

Table 3. 
Association rules with the highest support value (Top 15) found for cluster T-C9 with collision type J 

(Crossing with Vehicle Turning) as consequent 
 

Nr Antecedent Cons. Sup Conf Lift 
1 Prec_FailGiveWayOther & Light_DayNSL & Surf_Wet Coll-J 0.113 1.000 3.786 
2 Prec_FailGiveWayOther & Area_Rural & Surf_Wet Coll-J 0.113 1.000 3.786 
3 Prec_FailGiveWayOther & Surf_Wet Coll-J 0.113 0.857 3.245 
4 Prec_FailGiveWayOther & Area_Rural & HorizGeom_Straight Coll-J 0.113 0.857 3.245 
5 Prec_FailGiveWayOther & Area_Rural Coll-J 0.113 0.750 2.839 
6 Prec_FailGiveWayOther & HorizGeom_Straight & Light_DayNSL Coll-J 0.113 0.750 2.839 
7 HorizGeom_Straight & Light_DayNSL & RdType_SingCgw Coll-J 0.113 0.750 2.839 
8 HorizGeom_Straight & Light_DayNSL & RdType_SingCgw & Surf_Wet Coll-J 0.094 1.000 3.786 
9 DrvInj_Serious & SpdLim_40_50 & Surf_Wet Coll-J 0.094 0.833 3.155 

10 Light_DayNSL & RdType_SingCgw & Surf_Wet Coll-J 0.094 0.833 3.155 
11 Prec_FailGiveWayOther & HorizGeom_Straight & Light_DayNSL & TrfCtrl_None Coll-J 0.094 0.833 3.155 
12 DrvInj_Serious & Light_DayNSL & SpdLim_40_50mph & Surf_Wet Coll-J 0.075 1.000 3.786 
13 HorizGeom_Straight & Light_DayNSL & SpdLim_40_50 & Surf_Wet & Manvr_GoingStraight Coll-J 0.075 1.000 3.786 
14 DrvInj_Serious & RdType_SingCgw & Surf_Wet Coll-J 0.075 0.800 3.029 
15 DrvInj_Serious & Surf_Wet,FirstIntAct_Car Coll-J 0.075 0.800 3.029 
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Figure 4. High-risk scenarios identified 
 
It can be observed that there are no rear-end collisions 
included in the set of high-risk scenarios. This is due 
to the fact that the injury outcome was found to be 
lower for rear-end collisions than for angle collisions. 
Also, there is no scenario involving car-pedestrian or 
car-bicycle collisions only. This can be explained by 
the low number of pedestrians (2.2%) and cyclists 
(2.5%) within all involved persons in the given 
dataset, compared to car occupants (78.5%), 
motorcyclists (6.3%) or goods vehicle occupants 
(8.6%). 

Figure 5 depicts the Top 10 high-frequency scenarios, 
i.e. the scenarios with the highest number of crashes 
included. It can be seen that three rear-end scenarios 
are among them (T-1.1, T-3.1 and T-5.1). Six out of 
the ten scenarios are turning accidents and only one 
scenario is a rectangular collision (X-1.1). 

 

Figure 5. High-frequency scenarios identified 
 

DISCUSSION AND INTERFACE TO 
SIMULATION 

The method presented in this paper was developed to 
extract groups of attributes from crash data to define 
critical driving scenarios. It clusters all crashes in the 
dataset and identifies the attributes most relevant for 
vehicle safety tests. To apply this method for a 
simulation study, one can use the number of 
associations found for each cluster (i.e. the rules’ 
support value) as an indicator for the relevance of a 
certain simulation parameter. Analyzing rules with 

different consequents might reveal other patterns in the 
scenario, which can be used for the modelling.  

For virtual test drives in a sub-microscopic simulation 
environment (such as Carmaker, PreScan or dSPACE 
ASM), the modelling task can be structured into 1) 
vehicle models (including sensor and control systems), 
2) road environment models (including pavement, 
roadside and environmental conditions such as 
weather) and 3) driver (behavior) models. Each of 
these model groups has numerous parameters to set, 
leading to a high number of possible combinations in 
the simulation runs. The method presented can aid 
engineers in parametrizing the models and to select the 
parameters that were found to be critical.  

Of course, the presented method is based on risks that 
humans have encountered in road traffic. There may 
be new risks for automated cars, e.g. caused by sensor 
failure or misinterpretation of driving situations, and 
there may be risks that will be mitigated by automation 
to a great extent, e.g. rear-end collisions. This study 
will be followed up by exploring the overlap between 
risks of human driving and risks of automated driving. 
A submicroscopic simulation environment will be 
used to model selected crash scenarios and to evaluate 
the effects of factors that may affect the performance 
of automation. 

CONCLUSIONS 

This paper proposes a new data analysis method 
including the preparation, clustering and visualization 
of in-depth crash data, to generate benchmark 
scenarios for vehicle safety testing. A combination of 
k-medoids clustering and association rule mining was 
applied to a dataset of 1326 junction crash situations in 
the UK. The study resulted in nine crash clusters for T-
junctions and six crash clusters for crossroads. 
Association rules further revealed common crash 
characteristics as basis for the scenario descriptions. In 
total, 34 scenarios were identified, which constitute the 
core population of driving situations at UK junctions. 
In summary, the results support existing findings about 
junction safety and add further definition to the 
clusters identified. Future work will include further 
investigation of the scenarios in virtual simulation 
environments to identify additional factors that might 
influence the performance of automated vehicles. 
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APPENDIX 

For further explanations of the crash attributes used, see Table 4 for Level-1 data and Table 5 for Level-2 data. 

Table 4. 
Description of the Level-1 crash attributes used 

 
Category Short name Description 
Maximum 
injury 

Uninj No person injured (OTS injury level) 
SlightInj At least one person slightly injured (OTS injury level) 
SerFatInj At least one person seriously or fatally injured (OTS injury level) 

Junction 
shape 

X-minJ Road continues straight on with (minor) road joining from the left and right  
X-brkM Road is temporarily broken by a (major) road passing across the vehicles path  
NoJct No junction present 
JctOther Private drive, entrance or other junction type 
T-minL Road continues straight on with (minor) road joining from the left 
T-minR Road continues straight on with an additional (minor) road joining from the right  
T-term Road terminates with a (major) road passing across the vehicles path  

First 
interaction 

Car Driver interacted with another car  
Truck Driver interacted with a large or heavy goods vehicle 
P2W Driver interacted with a powered two-wheeler (motorcycle or moped) 
Other Driver interacted with another type of vehicle or object 
Cycle Driver interacted with a bicyclist 
Pedestr Driver interacted with a pedestrian 

Maneuver Straight Driver was going straight ahead 
TurnL Driver was turning left 
TurnR Driver was turning right 
WaitTurnR Driver was waiting to turn right 
Other Driver was reversing, doing a u-turn, overtaking, undertaking, held up or waiting to turn left 

First point 
of impact 

Back First point of the impact was the car’s back 
Front First point of the impact was the car’s front 
Nearside First point of the impact was the car’s nearside 
Offside First point of the impact was the car’s offside 

 

Table 5. 
Description of the Level-2 crash attributes used 

 
Group Short name Description 
Collision 
letter 

Coll_D-Cornering Cornering (D) 
Coll_H-CrossingNoTurns Crossing (no turns) (H) 
Coll_J-CrossingVehTurning Crossing (vehicle turning) (J) 
Coll_M-Manoeuvring Manoeuvring (M) 
Coll_Other Other collision code 
Coll_A-OvertakingLaneChange Overtaking and lane change (A) 
Coll_P-PedestrOther Pedestrians Other (P) 
Coll_F-RearEnd Rear end (F) 
Coll_L-RightTurnAgainst Right turn against (L) 
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Coll_G-TurningVsSameDir Turning versus same direction (G) 
Precipitating 
factor 

Prec_FailAvoidDriver Driver failed to avoid object or vehicle on carriageway 
Prec_FailAvoidOther Other road user failed to avoid object or vehicle on carriageway 
Prec_FailGiveWayDriver Driver failed to give way 
Prec_FailGiveWayOther Other road user failed to give way  
Prec_FailStopDriver Driver failed to stop 
Prec_FailStopOther Other road user failed to stop 
Prec_LossCntrDriver Driver lost control of vehicle 
Prec_LossCntrOther Other road user lost control of vehicle  
Prec_OtherDriver Other precipitation by driver 
Prec_OtherOther Other precipitation by another road user 
Prec_PedEnter Pedestrian entered road without due care (driver not to blame)  
Prec_PoorOvtkDriver Poor overtake by driver 
Prec_PoorOvtkOther Poor overtake by other road user 
Prec_PoorMnvrDriver Poor turn or manoeuvre by driver 
Prec_PoorMnvrOther Poor turn or manoeuvre by other road user 

Driver 
injury 

DrvInj_Uninjured Driver suffered no injury 
DrvInj_Slight Driver was slightly injured 
DrvInj_Serious Driver was seriously injured 
DrvInj_Fatal Driver was fatally injured 

Area Area_Rural Rural area (countryside, fields and only sparse housing) 
Area_Urban Urban area (at least one side of the road built up) 

Horizontal 
geometry 

HorizGeom_Left Left curve 
HorizGeom_LeftSharp Left sharp curve 
HorizGeom_LeftSlight Left slight curve 
HorizGeom_Right Right curve 
HorizGeom_RightSharp Right sharp curve 
HorizGeom_RightSlight Right slight curve 
HorizGeom_Straight Straight (no curve) 

Lighting Light_DarkNSL Darkness: no street lighting 
Light_DarkSLUnk Darkness: street lighting unknown 
Light_DarkSL Darkness: street lights lit 
Light_DayNSL Daylight: no streetlighting present 
Light_DaySLUnk Daylight: streetlighting unknown 
Light_DaySL Daylight: streetlights present 

Road type RdType_DualCgw Dual carriageway 
RdType_OneWayStr One way street 
RdType_SingCgw Single carriageway 

Speed limit SpdLim<_20mph 20mph and less 
SpdLim_30mph 30mph 
SpdLim_40-50mph 40 or 50mph 
SpdLim_60mph 60mph 
SpdLim_70mph 70mph 

Surface Surf_Dry Dry surface 
Surf_Flood Flooded surface 
Surf_Icy Icy surface 
Surf_Snowy Snowy surface 
Surf_Wet Wet surface 

Traffic 
control 

TrfCtrl_None No active or static yield instruction 
TrfCtrl_GW Static give-way instruction 
TrfCtrl_Stop Static stop instruction 
TrfCtrl_Light Traffic light control 
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ABSTRACT 

The objective of the study was to perform a benefits analysis of an injury-based advanced automatic crash 
notification (AACN) algorithm to estimate the reduction in undertriage (UT) and overtriage (OT) rates if the 
algorithm was implemented nationwide. In addition, the study sought to estimate the savings in societal costs using 
the Harm metric score. 

Benefits of an existing AACN algorithm were estimated using the differential between the number of motor vehicle 
crash (MVC) occupants correctly triaged using the AACN algorithm compared to actual triage decisions for real-
world occupants. Actual triage decisions were extracted from NASS-CDS 2000-2011 to compare each occupant’s 
ISS (≥ 16 vs. < 16) versus the occupant’s actual triage destination (trauma center or non-trauma center). Analyses 
for the triage benefits included 47,361 unweighted occupants representing 9,763,984 weighted occupants with 
complete information on the crash mode, hospital destination, and a valid ISS. Analyses for the societal cost 
benefits included the subset of occupants included in the AACN algorithm resulting in 22,610 unweighted 
occupants. For each occupant, the Harm scores were summed across all injuries and a lifetime economic cost to 
society for each fatality value of $1.4 million was applied to derive the societal costs. 

The AACN algorithm was optimized and evaluated to minimize triage rates per American College of Surgeons 
(ACS) recommendations of <5% UT and <50% OT. The developed AACN algorithm resulted in <50% OT and 
<5% UT in side impacts and 6-16% UT in other crash modes. The weighted analysis of 12 years of NASS-CDS 
data revealed an UT rate of 20% and an OT rate of 54% among real-world MVC occupants across all crash modes. 
If the triage rates from the AACN algorithm were applied to these occupants by crash mode, the UT and OT rates 
would be reduced to 11% and 34%, respectively. Across a 12-year period, this would result in an UT improvement 
for 32,959 (44%) occupants and OT improvement for 1,947,620 (38%) occupants. For the societal cost benefit 
analysis, the sample sizes were small for all crash modes except frontal. Application of the AACN algorithm for the 
frontal cases would reduce UT rates to 7%.  Application of the Harm score to the occupants who would benefit from 
trauma center treatment would result in over $43 million saved in societal costs.    

With nationwide implementation of the AACN algorithm, we estimate a potential benefit of improved triage 
decision-making for 165,048 occupants annually (one-twelfth of the 1.98 million occupants incorrectly triaged 
predicted to be triaged correctly with the AACN algorithm). Annually, this translates to more appropriate care for 
2,747 seriously injured occupants and reduces unnecessary utilization of trauma center resources for 162,302 
minimally injured occupants.  The projected reduction in UT for the U.S. population attributable to AACN has 
important implications for decreasing MVC mortality and morbidity, while reduction of OT will lead to better 
hospital resource utilization and decreased healthcare costs. 
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INTRODUCTION 

While the advent of passive safety standards (seat 
belts, airbags, etc.) has lowered the morbidity and 
mortality of motor vehicle crash (MVC) victims, 
there are significant barriers to further improvements. 
Most experts believe that an important future avenue 
for progress is to improve the trauma triage process, 
that is, the process whereby patients are given the 
“right care” at the “right place” at the “right time.” 
Optimizing this process is difficult due to timing, 
decision making, resources, and access to care.  

Advanced Automatic Crash Notification (AACN) 
algorithms have shown promise in improving the 
trauma triage process by predicting occupant injury 
severity using vehicle telemetry data to recommend a 
transportation decision. Recently, an AACN 
algorithm known as the Occupant Transportation 
Decision Algorithm (OTDA) was developed using an 
injury-based approach that incorporated only crash 
characteristics obtainable from vehicle sensors [1-5]. 
This approach differs from previously developed 
AACN algorithms which use Abbreviated Injury 
Scale (AIS) severity metrics to define severely 
injured patients as well as variables such as occupant 
age or sex that are not obtainable directly from the 
vehicle [6-12].  

Optimization of the OTDA involved minimizing 
undertriage (UT) and overtriage (OT) rates with the 
goal of producing UT rates less than 5% and OT rates 
less than 50% [13]. The UT metric computed from 
the OTDA was 6% for frontal crashes, 5% for near 
side crashes, 3% for far side crashes, 7% for rear 
crashes, and 16% for rollover crashes. The OT metric 
computed from the OTDA was 50% for frontal 
crashes, 48% for near side crashes, 49% for far side 
crashes, 44% for rear crashes, and 50% for rollover 
crashes. 

The objective of the study was to perform a benefits 
analysis of the recently developed injury-based 
AACN algorithm to estimate the reduction in UT and 
OT rates if the algorithm was implemented 
nationwide. In addition, the study sought to estimate 
the savings in societal costs using the Harm metric 
score. 

METHODS 

AACN Algorithm Development and Validation 

The developed AACN algorithm, the OTDA, uses 
measurements obtainable from vehicle telemetry to 
predict risk of overall occupant injury and 
recommend a transportation decision for the 

occupant, particularly whether transport to a Level 
I/II trauma center is recommended. A list of injuries 
associated with a patient’s need for treatment at a 
Level I/II trauma center was determined using an 
injury-based approach based on three facets (severity, 
time sensitivity, and predictability). Severity was 
scored based on mortality risks (MRs) obtained from 
the National Trauma Data Bank (NTDB) [5]. Time 
sensitivity was scored using expert physician survey 
data which incorporated the recommended treatment 
location and a rank of urgency for treatment [3]. 
Predictability was scored using two components: an 
occult score and a transfer score [2, 4]. The occult 
score is a measure of the likelihood that an injury is 
missed using expert survey data from physicians and 
emergency medical services (EMS) professionals. 
The transfer score is a measure of the likelihood that 
an injury is present in patients that require transfer 
from a non-trauma center to a Level I/II trauma 
center using the National Inpatient Sample (NIS) 
database. Scores of each of these facets (severity, 
time sensitivity, and predictability) were computed 
for each of the 240 frequent MVC AIS 2+ injuries 
and normalized on a zero to one scale in which scores 
closer to one were more severe, more time sensitive, 
and less predictable.  

The OTDA inputs include a Target Injury List and 
38,970 National Automotive Sampling System-
Crashworthiness Data System (NASS-CDS) 2000-
2011 occupants used to train and evaluate the 
algorithm (Figure 1). The Target Injury List is 
determined by multiplying the severity, time 
sensitivity, and predictability scores by a weighting 
coefficient and then summing these values to produce 
an injury score. Injuries meeting or exceeding a 
variable injury score threshold are included on the 
Target Injury List.  

The OTDA uses multivariable logistic regression to 
predict an occupant's risk of sustaining an injury on 
the Target Injury List from the following model 
variables: longitudinal delta-v (in frontal and rear 
crash modes), lateral delta-v (in near side and far side 
crash modes), number of quarter turns (in rollover 
crash mode), belt status, multiple impacts, and airbag 
deployment (frontal airbag deployment for all crash 
modes and side airbag deployment for near side and 
rollover crash modes). The algorithm features five 
tunable variable parameters allowing for extensive 
optimization. These include severity, time sensitivity, 
and predictability multipliers; an injury score 
threshold; and a risk threshold.  The severity, time 
sensitivity, and predictability multipliers are 
coefficients used to weight each injury’s contribution 
to the injury score.  
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Figure 1. Overview of OTDA. (Abbreviations MP, predictability score multiplier; Ms, severity score 
multiplier; MTS, time sensitivity score multiplier; NASS-CDS, National Automotive Sampling 

System - Crashworthiness Data System; NIS, National Inpatient Sample; NTDB, National Trauma Data 
Bank; TC, trauma center) 

 
Above the injury score threshold, an injury is 
included on the Target Injury List. The risk threshold 
is the tolerable risk for any target injury. At or above 
this threshold, the algorithm recommends triage to a 
Level I/II trauma center. The OTDA decision, for 
each NASS-CDS occupant, is compared to a 
dichotomous representation of their Injury Severity 
Score (ISS). Occupants with ISS 16+ should be 
transported to a Level I/II trauma center. The 
optimization algorithm minimized UT and OT with 
the goal of producing UT < 5% and OT < 50% as 
recommended by the ACS [13]. 

Following optimization of the algorithm, the UT 
metric computed from the OTDA was 6% for frontal 
crashes, 5% for near side crashes, 3% for far side 
crashes, 7% for rear crashes, and 16% for rollover 
crashes. The OT metric computed from the OTDA 
was 50% for frontal crashes, 48% for near side 
crashes, 49% for far side crashes, 44% for rear 
crashes, and 50% for rollover crashes. Comparing to 
previously developed AACN algorithms, the 

OTDA produced lower UT rates. UT rates for 
URGENCY ranged from 6-71% and OnStar ranged 
from 28-85% [6, 9-11, 14, 15]. OT rates for 
URGENCY ranged from 25-50% and OnStar ranged 
from 0-11%.  

Benefits Analysis for Real-World Occupants 

A benefits analysis was performed, and benefits of 
the OTDA were estimated using the differential 
between the number of MVC occupants correctly 
triaged using the OTDA compared to actual triage 
decisions for real-world occupants.  Actual triage 
decisions were extracted from NASS-CDS 2000-
2011 to compare each occupant’s ISS (≥ 16 vs. < 16) 
versus the occupant’s actual triage destination (non-
trauma center (non-TC) vs. trauma center (TC)).  
Analyses included 47,361 unweighted occupants 
representing 9,763,984 weighted occupants with 
complete information on the crash mode (frontal, far 
side, near side, rear, rollover), TC destination (TC or 
hospital only), and a valid ISS.   
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Harm Metric Benefits Analysis 

We sought to estimate the improvement in the 
number of MVC occupants who would be correctly 
triaged using our AACN algorithm compared to the 
actual field triage decision and apply an associated 
Harm metric score to these cases which would 
generate an estimated savings in societal costs [16]. 
The Harm metric developed by Gabler et al. assigns a 
cost to the maximum injury in a single body region. 
To do this we used NASS-CDS 2000-2011 data and 
compared each occupant’s ISS (≥ 16 vs < 16) to the 
occupant’s actual triage destination (non-TC vs TC).  
Analyses were limited to occupants that met the 
criteria to be included in our OTDA algorithm and 
those that had actual TC destination information 
available (TC or hospital only).  There were 22,610 
cases meeting these criteria (11,772 frontal; 5,069 
rollover; 2,483 near side; 1,845 far side; 1,441 rear).  

For each crash mode, two 2x2 tables were produced 
and UT/OT rates within each table were calculated.  
The first table examined the actual TC destination of 
the occupant (TC vs non-TC) versus the occupant’s 
ISS categories (≥ 16 vs < 16).  The second table 
examined the predicted TC destination for the 
occupant from the OTDA versus the occupant’s ISS 
grouping.  Next, the Harm score was calculated using 
the average cost per injury normalized to the cost of a 
fatal injury per Gabler et. al.  For each occupant we 
then summed the Harm scores across all injuries and 
applied a lifetime economic cost to society for each 
fatality value of $1.4 million to derive the societal 
costs associated with the occupants [16].   

RESULTS 

Benefits Analysis for Real-World Occupants 

A summary of the benefits analysis is provided in 
Table 1. The unweighted analysis of 12 years of 
NASS-CDS data revealed an UT rate of 15% and an 
OT rate of 60% among real-world MVC occupants 
across all crash modes.   

If the triage rates from the OTDA were applied to 
these occupants by crash mode, the UT and OT rates 
would be reduced to 8% and 49%, respectively. Thus, 
we estimate with the OTDA, a TC recommendation 
would be made for 348 seriously injured occupants 
who were incorrectly triaged to a non-TC in NASS-
CDS (45% improvement). Likewise, a non-TC 
recommendation would be made for 4,533 minimally 
injured occupants who were incorrectly triaged to a 
TC in NASS-CDS (18% improvement).  In total, 
there would be an estimated 4,881 occupants who 
would be correctly triaged with the OTDA that were 
not previously.  Application of the same exercise 
using weighted NASS-CDS data translates to 20% 
UT and 54% OT in a U.S. population-weighted 
sample of real-world MVCs. Application of the 
OTDA would be expected to reduce UT to 11% and 
OT to 34% within the population. Across a 12-year 
period, this would result in an UT improvement for 
32,959 (44%) occupants and OT improvement for 
1,947,620 (38%) occupants for an estimated total of 
1,980,579 occupants who would now be triaged 
correctly with the OTDA. Thus, with nationwide 
implementation of the OTDA, we estimate a potential 
benefit of improved triage decision-making for 
165,048 occupants annually (one-twelfth of the 1.98 
million occupants).   
 

Harm Metric Benefits Analysis 

The sample sizes were small for all crash modes 
except frontal (Table 2).  Within the frontal crash 
mode, the UT rate using the actual TC destination 
was 14%.  Using the TC destination predicted from 
the OTDA, the UT rate decreases to 7%.  This 
translates to 58 occupants who would not be under-
triaged using the TC destination predicted from the 
OTDA.  If we assume that an occupant receiving 
their initial treatment at the right place in a quicker 
timeframe prevents injury severity and disability, 
then applying the Harm scores to these occupants 
estimates that over $43 million would be saved in 
societal costs.    

 

 

Table 1. Benefit Analysis Summary for NASS-CDS Years 2000-2011. 

Number/Proportion Occupants Triaged 

Unweighted 
(N = 47,361) 

Weighted 
(N = 9,763,984) 

UT OT UT OT 
Occupants incorrectly triaged in NASS-CDS, n  
(%) 

771  
(15) 

25,162 
(60) 

74,151 
(20) 

5,095,358 
(54) 

Occupants incorrectly triaged based on OTDA, n 
(%) 

423 
(8) 

20,629 
(49) 

41,192 
(11) 

3,147,738 
(34) 

Incorrectly triaged occupants predicted to be triaged correctly 
with the OTDA, n 

348 4,533 32,959 1,947,620 

Proportion of incorrectly triaged occupants predicted to be 
triaged correctly with the OTDA, % 

45 18 44 38 
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Table 2. Harm metric benefits analysis summary. 
 NASS* OTDA**  
Crash Mode UT 

% 
Societal cost+ 

OT 
% 

Societal cost+ 

UT 
% 

Societal cost+ 

OT 
% 

Societal cost+ 

UT difference 
$ saved 

Far side 34/203  
17% 

$30,028,320 

977/1642  
60% 

$53,153,660 

7/203 
3% 

$3,607,660 

1050/1642 
64% 

$59,388,700 

27 occupants 
($26,420,660) 
 

Frontal 112/814   
14% 

$83,321,280 

6350/10958 
58% 

$492,513,840 

54/814 
7% 

$40,040,840 

6889/10958 
63% 

$551,760,860 

58 occupants 
($43,280,440) 
 

Near side 55/470  
12% 

$50,219,960 

1181/2013 
59% 

$91,429,240 

27/470 
6% 

$22,595,440 

1186/2013 
59% 

$95,102,000 

28 occupants 
($27,624,520) 
 

Rear 2/36  
6% 

$1,215,620 

725/1405  
52% 

$22,484,140 

3/36 
7% 

$1,268,960 

715/1405  
44% 

$22,362,340 

+1 occupant 
+$53,340 
 

Rollover 106/762  
14% 

$129,463,460 

2822/4307 
66% 

$216,692,280 

141/762 
19% 

$158,248,300 

2323/4307 
54% 

$196,499,240 

+35 occupants 
+$28,784,840 
 

*“What actually happened” – using the actual TC destination vs. ISS categories 
**“What we predicted” – using the predicted TC destination from the OTDA vs. ISS categories 
+Fatality-adjusted Harm score from Gabler*$1.4 million 
 

CONCLUSIONS 

A recently developed injury-based AACN 
algorithm was developed with an injury-based 
approach that examined three injury facets to identify 
injuries necessitating treatment at a Level I/II TC. 
Large hospital and survey datasets containing 
information on injuries, mortality risk, treatment 
urgency, and hospital transfers were used in 
conjunction with large crash datasets with crash, 
vehicle, occupant, and injury data. The OTDA was 
rigorously optimized and has demonstrated improved 
UT rates compared to other AACN algorithms in the 
literature and OT rates meeting ACS 
recommendations. The OTDA achieved OT rates 
less than 50% for all crash modes and UT rates 
less than 5% for side impacts with other crash 
modes ranging from 6 to 16%. These results are 
very encouraging as the OTDA uses only crash 
characteristics that are obtainable from vehicle 
sensors, whereas the majority of AACN algorithms in 
the literature use variables such as occupant age or 
gender that are not obtainable directly from the 
vehicle. 

With nationwide implementation of the developed 
injury-based AACN algorithm, 165,048 occupants 
annually would benefit with improved triage 
decision-making. Annually, this translates to more 
appropriate care for 2,747 seriously injured 
occupants and reduces unnecessary utilization of 
trauma center resources for 162,302 minimally 

injured occupants.  The projected reduction in UT 
for the U.S. population attributable to AACN has 
important implications for decreasing MVC 
mortality and morbidity, while reduction of OT 
will lead to better hospital resource utilization and 
decreased healthcare costs. Application of the Harm 
score to the occupants who would benefit from 
trauma center treatment would result in over $43 
million saved in societal costs. The AACN algorithm 
developed in this study will aid emergency personnel 
in making the correct triage decision for an occupant 
after a MVC, and once incorporated into the trauma 
triage network it can reduce response times, increase 
triage efficiency, and improve overall patient 
outcome. 
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ABSTRACT 
 
Driver assistance and active safety systems are taking big steps towards greater autonomy. As the complexity 
and criticality of the traffic situations in which active safety systems have to intervene increases, the 
validation process of those functions is likewise becoming more complex, demanding and cost-intensive. 
Real-world tests are particularly constrained due to the fact that the increasing amount of relevant traffic 
situations can only be evaluated to a limited extent or with a considerable investment of cost and effort. 
Therefore the objective was to develop an approach which addresses these challenges. 
This paper presents a vehicle-in-the-loop (ViL) test method. In contrast to existing approaches, the idea is not 
to embed a real-world vehicle into a virtual test environment and to test it in a cleared outdoor area. The key 
element of this test method is to augment the real-world test environment with virtual scenarios, which are 
based on virtual sensor objects. 
The presented ViL test method is able to significantly enhance the validation of active safety systems. It 
closes the gap between simulated and real-world tests and enables to efficiently and reproducibly test active 
safety systems within traffic scenarios that are too complex or too dangerous for real driving tests. 
Therefore, it provides a promising approach for balancing safety performance, cost, and vehicle integration 
considerations during all development stages. 
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INTRODUCTION 

Active safety systems are developed in order to 
help prevent accidents and significantly reduce 
fatality and traffic related injuries. As driver 
assistance and active safety systems are taking big 
steps towards greater autonomy, the complexity 
and criticality of the traffic situations, in which 
active safety functions have to intervene, 
increases. Therefore, the number of driver 
assistance systems and their functional range are 
expected to grow considerably in the next years 
[1]. Future active safety systems involve machine 
perception and cognition and are highly 
interlinked with other systems of the vehicle. 
Moreover, the data of various detection systems 
are fused in order to compute traffic situations 
with a maximum degree of accuracy. These 
systems have to cope with uncertainty in 
measurements and predictions as well as 
potential negative consequences such as false 
positives. The assessment of future active safety 
functions, therefore, is becoming increasingly 
complex, demanding and cost-intensive. The 
performance and reliability of those functions 
have to be validated in high-dimensional and 
complex traffic scenarios, including various traffic 
participants.  

Today, advanced driver assistance systems are 
typically evaluated using conventional testing 
approaches that rely on simulative methods such 
as model-in-the-loop (MiL), software-in-the-loop 
(SiL) and hardware-in-the-loop (HiL) as well as 
real-world driving tests. These approaches are 
sufficient for assistance functions working in 
longitudinal traffic situations, such as adaptive 
cruise control, forward collision warning or 
emergency braking assistance. However, they are 
not sufficient to ensure the safety, reliability and 
usability of increasingly complex systems that 
have to intervene in various safety-relevant traffic 
situations, such as sudden cut in of vehicles or 
bicycles, crossing traffic at intersections or 
dynamic emergency steering scenarios with 
several road users [1]. Real-world tests are 
particularly constrained due to the fact that the 
increasing amount of relevant traffic situations 
can only be evaluated to a limited extent or with a 
substantial investment of effort (Figure 1).  

 

Figure 1.  Validation of future active safety 
systems is becoming increasingly complex, 
demanding and cost-intensive 

The challenge, therefore, is to improve testing and 
assessment methods and to find new ways for 
validation in order to keep pace with the 
functional growth. Otherwise, testing and 
assessment will become the bottleneck of the 
introduction of future active safety systems to the 
market [1], [2].  

In order to address these challenges, this paper 
presents a vehicle-in-the-loop (ViL) test method 
that augments real-world test drives with virtual 
objects and scenarios in order to test sensor-
based active safety systems. In this way it is 
possible to evaluate safety-relevant traffic 
scenarios that cannot be realized within real 
driving tests due to safety or complexity 
restrictions. 

 

FUNCTIONALITY AND COMPONENTS 

The common way to test active safety systems is 
to use dummy targets in collision scenarios in 
order to make the testing scenarios as realistic as 
possible [3]. Using the augmented reality (AR) 
technology, potential “opponents” in crash 
scenarios appear on a display screen located in 
the windshield as if they were in the same real-
world location as the vehicle and the test drivers 
(Figure 2). Test drivers, therefore, see the virtual 
generated opponents moving on the real test 
track and are able to perceive the real vehicle 
reaction (e.g. a bimodal warning, an emergency 
breaking or steering as well as safety activities of 
the pre-crash phase). 
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The information of the opponent type and 
position is sent to the active safety system as part 
of a real test vehicle and is visualized on a mobile 
display using an augmented reality app. The 
vehicle moves towards these virtual objects that 
behave like real world objects. 

 
Figure 2.  Integration of the ViL test system into a 
real test vehicle 

The ego movements of the vehicle are processed 
towards the scene simulation to calculate the 
correct relative object movements. Based on the 
relative position of the object, the active safety 
system can compute its results and send the 
requests to the actors. This creates a closed loop 
between the vehicle, the scene simulation and the 
active safety system. The function under test can 
run either on the real hardware or as software on 
a regular computer. 

The vehicle-in-the-loop test system is composed 
of five interacting components (Figure 3): 

 Active Safety System 

 Vehicle 

 Command & Control 

 Scene Simulation 

 Visualization 

The Active Safety System contains the function to 
be tested as it works within the real vehicle. It is a 
function based on object lists such as an 
emergency braking, pre-crash or emergency 
steering. It computes its results based on the ego 
data of the vehicle and object data from the scene 
simulation.  

The Vehicle is the real vehicle with which the 
function has to be evaluated. Almost every vehicle 
can be used for the ViL, as long as the actors can 

be requested directly or via the data bus of the 
vehicle. In case of an emergency brake function, 
the breaking command, for example, is sent 
directly on the bus and subsequently processed by 
the ECU controlling the breaks. Other actors such 
as steering, reversible belt pretensioner or 
window lifts can of course be also integrated into 
the ViL. 

The Command & Control unit is a communication 
framework for coordinating several processes 
inside the ViL. The whole communication is done 
by the command & control unit, the central 
component of the ViL, which cannot be replaced. 
Further modules used in the ViL will be connected 
with the command & control. All other modules 
can be replaced. The command & control unit 
reads the vehicle data, and processes them 
forward to the scene simulation and the active 
safety system. Furthermore, it processes the 
calculated objects of the scene simulation towards 
the displays and the active safety system. The 
communication to the AR display is realized via 
bluetooth. Hence, the installation in the vehicle can 
be done fast. 

  
Figure 3.  Interaction of four components 
coordinated by a command & control unit 

The Scene Simulation generates the virtual 
objects and scenes in order to augment the real 
test environment. Inside the scene simulation 
different kinds of sensors, sensor-specific 
behavior as well as deviations can be modeled. 
Furthermore, it respects characteristics like reach 
or opening angle. This results in a realistic object 



Kallweit 2 

detection by the scene simulation. For the ViL, 
various objects are simulated in one scene. Such a 
scene represents the real world scenario which is 
simulated for testing. The relative movements of 
the objects are transmitted as an object list to the 
command & control unit. For computation of the 
movements the ego movements are used. 

The Visualization is basically divided into three 
different displays: the AR display, the 3D display, 
and the rendered scene. The AR display consists of 
a mobile device (e.g. a tablet) equipped with a 
camera and a special augmented reality app. In 
this display the test scene is visualized in a 
realistic way as the objects calculated by the 
scene simulation are placed into the video stream. 

 

Figure 4.  Within the AR display crash opponents 
are placed into the real test environment 

This leads to an augmented view of the real world 
and enables the test driver to evaluate the 
behavior of the active safety system as realistic as 
possible (Figure 4). 

While the AR display is primarily used during the 
test execution, the 3D display can be used during 
the test or afterwards for evaluation purposes. It 
visualizes the scene as a 3D video. This means that 
the camera can move around the whole scene and 
enables views like birds eye view, first person 
view, third person view and a side view of the 
scene. This offers various possibilities to view the 
scene during testing and allows to check, for 
example, the distances to the objects. 

 
Figure 5.  The 3D display provides different views 
of the test scenario 

The rendered scene, computed by the scene 
simulation, is the third available display intended for 
evaluation purposes. It traces the whole scene in the 
post processing and is not available during the test. 
The rendering is done after the test is finished. 
Afterwards the results can be viewed in a browser 
and then be stored for documentation of the test 
results.  

 
Figure 6.  The rendered scene is used for the 
evaluation in the post-processing 

 

SPECIFIC CHARACTERISTICS OF THE PRESENTED 
VIL APPROACH 

In contrast to existing approaches, the idea is not 
to embed a real-world vehicle into a virtual test 
environment by mapping its movements into the 
virtual models and to test active safety systems in 
a cleared outdoor area (e.g. [4], [5]). The key 
element of the presented test method is to 
augment the real-world test environment with 
virtual scenarios, which are based on virtual 
sensor objects. The gap between HiL testing and 
real test drives is not closed by realizing a driving 
HiL, but by extending the possibilities of real test 
drives. The presented ViL test method, therefore, 
is rather a validation than a verification method. It 
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can be used throughout all development stages in 
order to answer the question whether the active 
safety system under test meets the customer and 
other identified stakeholder expectations.  

Another specific characteristic of the presented 
ViL test method is the high degree of modularity 
and flexibility. The modular architecture enables 
the adaptation of the ViL to different 
development situations. It can easily be mounted 
in every vehicle, provided that the actors can be 
controlled. It is only necessary to place the tablet 
in the windshield and to connect the tablet to a 
computer where the command & control unit is 
running (Figure 2). The whole communication is 
done by the command & control unit, the central 
component of the ViL. The communication to the 
AR display is realized via bluetooth. Hence, the 
installation in the test vehicle can be done fast. 

Furthermore, the described components (with 
exception of the command & control component) 
can be substituted by other external components, 
thus contributing to a more representative 
validation and the maximization of the added 
value for the development of active safety 
systems. 

 

USE CASES FOR VEHICLE-IN-THE-LOOP 

The ViL test method can be seamlessly integrated 
into existing development processes. It is focused 
on the validation of desired properties – not only 
in the late development phases, but also in the 
early stages of function development, i.e. before 
the final sensor set and the control unit hardware 
are useable. It takes place between the HiL testing 
and real vehicle tests. This way, it closes the gap 
between simulated (MiL, SiL, HiL) and real-world 
tests (test drives, road tests) as shown in figure 7. 

Due to the fact that in the early phases of 
development only models and algorithms are 
available, the common way to evaluate the 
function maturity is to use simulative test 
methods. For example MiL simulation to verify the 
accuracy and acceptability of the software models 
or SiL simulation for validating the behavior of 
generated source code. The ViL test method, in 
addition, enables the function developer to get a 
better understanding of the behavior of the 
algorithm interacting with real actors in a real 
vehicle, which he drives on a test track. In this way 

the ViL test method enables the function 
developer to reveal potential negative 
consequences, like false positives, in an early 
stage of development. 

 

Figure 7.  The ViL test method closes the gap 
between simulated and real-world tests 

In the late development phases the aim of real 
test drives is to increase the functions degree of 
maturity before starting real-world road tests. The 
main challenges within this phase of testing are to 
identify relevant test scenarios, to execute the 
tests as realistic as possible, and simultaneously to 
ensure a reproducible and safe test execution. 
Therefore, the conventional way to test active 
safety systems intervening in longitudinal traffic 
scenarios (e.g. emergency braking) is to use 
dummy targets and limit the permitted vehicle 
velocity or the impact speed, respectively. As long 
as urban traffic scenarios are in the focus of the 
active safety system under test, this way of 
validating desired system properties is sufficient. 
Nevertheless, these targets are mainly designed 
for rear-end collisions in longitudinal scenarios 
and cannot be used in complex scenarios or 
scenarios with high relative velocities. 

If an emergency brake system, for example, is 
aimed to intervene not only in city traffic, but also 
in high speed scenarios, other test methods have 
to be used in order to ensure a test execution with 
a maximum degree of realism and safety. The ViL 
test method is one solution for this challenge as it 
enables the evaluation of the performance of 
active safety systems in longitudinal collision 
scenarios with high velocities (relative velocity 
> 60 km/h) – without the risk of collisions with 
real objects, but with real-world vehicle dynamics. 

In addition to longitudinal crash scenarios there 
are various relevant traffic scenarios that cannot 
be tested at the moment due to safety and 
complexity reasons. These traffic scenarios 
become more and more important as the driver 
assistance and active safety systems are taking big 
steps towards greater autonomy. Thus, the 
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complexity and criticality of the traffic situations, 
in which active safety functions have to intervene, 
increases. Along with the already mentioned 
longitudinal crash scenarios with high velocities, 
figure 8 provides an overview of a small selection 
of traffic scenarios that are relevant for future 
active safety systems but not testable with the 
common methods.  

 
Figure 8.  Traffic scenarios that are relevant for 
future active safety systems but not testable with 
common methods 

As the ViL test method uses virtual objects instead 
of real world objects, there are no restrictions like 
the impact speed for a target or a limitation due 
to complex scenarios. In the ViL several objects 
with limitless speed can be placed together in one 
scene. 

Within the late phases of system development the 
ViL test method can not only be used to extend 
the possibilities of real test drives, but also to 
support the calibration of the functions (i.e. the 
adjustment of the functions parameters and 
characteristics curves). When the calibration of 
the function is tested, the main advantage is the 
AR display, which enables the tester to experience 
the function in the augmented reality. This can 
lead to a better evaluation. 

In all described use cases the ViL is used to test 
the active safety function in combination with the 
actors (Figure 9). 

 
Figure 9.  The ViL test method concentrates on 
the active safety function interacting with the 
real actors 

The real sensors are not part of the ViL. This 
enables the testing of the subset function and 
actor. The behavior of the real sensor cannot 
influence the tests. The advantage of this is to test 
the behavior of the function with a virtual sensor 
modeled by the scene simulation. Various sensor 
characteristics can be defined, such as sensor 
faults (e.g. bias, noise, precision degradation) and 
specific properties (e.g. range, precision). The 
disadvantage of course is the behavior of the real 
sensor cannot be considered. 

FIRST PRACTICAL RESULTS 

By now the ViL test method has been used in 
longitudinal crash scenarios in order to get first 
experiences with the technic. Active safety 
functions under test have been forward collision 
warning, emergency brake assistant as well as pre-
crash functions. The chosen test scenarios were 
based on common consumer protection scenarios: 
static, moving and braking car within the driving 
path of the vehicle under test as well as crossing 
pedestrians. The test scenarios have been 
executed in the common way of testing (up to a 
velocity of 80 km/h) as well as high speed tests 
that cannot be executed with conventional 
pedestrian and vehicle targets. The expected 
behavior of the vehicle was a cascade of warning, 
braking, closing windows and sunroof, and 
pretensioning seat belts. 

The biggest advantage that has been gained is 
that testing is possible in any location without lot 
of time for preparation. Because of that as well as 
the easy switch between the scenarios it was also 
possible to save time compared with a normal test 
with real vehicles and targets. Furthermore, 
dangerous test scenarios, like longitudinal crashes 
with high velocities, were easy to test without 
harming the driver. 
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In the next development stage further steps 
towards a higher precision will take place. 
Specifically, the AR display will be adapted in 
order to be more precise and to adjust in a correct 
way to every vehicle movement, for example the 
nodding when the driver is accelerating or braking 
very fast. 

 

FUTURE VIL APPLICATIONS 

Although the ViL test method is a promising 
approach to validate current active safety systems 
in traffic scenarios that are too dangerous or 
complex for common driving tests, the test 
method will exploit its full potential in validating 
active safety systems within highly automated 
driving. In such test scenarios the test driver is 
only present as back-up, ready to take over if 
necessary. Therefore, the test driver can 
completely concentrate on the tested traffic 
scenario visualized on the mobile screen, the 
vehicle behavior, and the evaluation if the 
function under test as well as the vehicle actors 
behave as expected. 

Especially for highly automated vehicles the 
presented ViL test method can be used to support 
the in-vehicle calibration of active safety systems. 
In this case the ViL can be used to support an 
automated calibration where the car runs highly 
automated on a test track and the ViL feeds 
relevant scenes for the calibration into the 
environment. Hence a broader variance of test 
cases can be part of the calibration with less 
effort. Furthermore, the calibration can take place 
in earlier phases of the development and critical 
scenarios, which are not testable in real test 
drives at the moment, can be part of the 
calibration. 

Augmenting real-world scenarios with virtual 
objects also opens the door for evaluating sensor 
fusion functionalities of advanced driver 
assistance systems. If a camera-detected object, 
for example, is varied regarding its position and 
virtually fed into a different sensor path, a huge 
potential to investigate object-based sensor data 
fusion arises. Using virtual scenarios additionally 
offers the possibility to benchmark already 
existing algorithms and sensors. 

Future use cases also appear for the testing of 
driverless cars. Here the car runs on a test track 

and random scenes can be played and the car will 
then react automatically. Thus the test track has 
some advantages of a fully automated test place, 
such as a HiL.  

 

CONCLUSION 

The presented ViL test method is able to 
significantly enhance the validation of active 
safety systems. It closes the gap between 
simulated and real-world tests and enables the 
efficient and reproducible testing of active safety 
systems within traffic scenarios that are too 
complex or too dangerous for real driving tests. 
Therefore, it provides a promising approach for 
balancing safety performance, cost, and vehicle 
integration considerations during all development 
stages. 
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ABSTRACT 

LiDAR is an instrumental component of the sensor fusion system required for advanced collision avoidance, 
automatic emergency braking, and autonomous driving. This conference proceeding describes a solid-state LiDAR 
system that utilizes liquid crystal technology to closely replicate the human driver’s eyes without blind spots.  The 
electro-optic (EO) beam steerer operates with a laser wavelength around 1550 nm, which enables high intensity 
light pulses while maintaining eye-safety. This system provides continuous scanning at 0.1° angular resolution at 
long range. Unlike other technologies, this technique is purely refractive. It can employ foveated vision, and thus 
closely mimic the human eye. It can utilize “track and hold” onto one or more distinct moving objects and can 
dynamically adjust what objects to track in addition to how big a scene to take at low resolution and what area(s) to 
take at high resolution. This flexibility enables the laser to scan in a pattern that maximizes the utility of the 
information. Our first proof of concept demonstration has range beyond 200m and a dynamic field-of-view (FOV) 
up to 20° x 2.5°.
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INTRODUCTION & OVERVIEW 

In this paper we will present the design and 
performance of a fully non-mechanical, real-time, 
solid-state LiDAR system. This approach provides a 
path for excellent LiDAR performance in a small 
system box that can be mounted on a vehicle in 
production. This electro-optic (EO) or solid-state 
LiDAR system operates at eye-safe wavelengths, 
provides dynamic control over the entire field-of-
view (FOV), has no blind-spots and a path for cost 
reduction in volume.  These advantages are enabled 
by the non-mechanical beam steerer that uses our 
patented Liquid Crystal (LC) Waveguide technology 
to continuously tune optical refraction, providing 
high-speed, continuous, wide-angle, non-mechanical 
beamsteering. The elimination of all moving parts 
provides significant benefits:  i) enhanced 
functionality (dynamic frame sizes), ii) vibration 
immunity, iii) no mechanical wear and tear, and 
ultimately iv) reduced total cost of ownership when 
compared to typical mechanical approaches. 
Moreover, unlike many non-mechanical approaches, 
this technology has no blind-spots and high optical 
efficiency. The primary application for this novel 
LiDAR system is advanced driver assistance systems 
(ADAS) and autonomous vehicles that need cost-
effective, mechanically robust, high-resolution 
LiDAR. Table 1 summarizes the performance of this 
first generation prototype.  

In the remainder of this paper we will briefly describe 
our beamsteerer technology and how it is 
fundamentally different from other approaches.  We 
will then explain how the scanner was integrated into 
an EO-scanned solid-state LiDAR system and show 
the performance of this LiDAR system. 

NEW ELECTRO-OPTIC LASER SCANNERS:  
CIRCUMVENTING THE SIZE, WEIGHT, AND 
POWER LIMITATIONS OF MECHANICS 

Replacing Mechanics: The Long-Standing Dream  
EO scanners that provide continuous coverage over 
wide-angles and can provide high-speed controlled-
sweeps over thousands of spots, all in a compact and 
simple package simply do not exist.  Numerous past 
attempts have yielded wide-angle but discrete-step 
binary1-3 and ternary4, 5 angle-switches, but these all 
require a fine steering element to fill-in the large gaps 
between the discrete angles ( >90% of FOV not 
addressed).  For the past several decades people have 
worked primarily on tunable diffraction grating 
approaches, with most of the effort focused on 
thermal-optical or liquid crystal (LC) optical phased 
arrays (OPAs)6-8, but also with efforts on MEMs  

Table 1. 
Performance capabilities for the EO scanned 

LiDAR system 
 

Attribute Prototype 
System 

Performance 
Size 3,500 cm3 
Power Consumption < 20 Watts 
FOV 20° x 2.5° 
Steering Precision < 0.01° 
Range AccuracyB <10 cm 
Range for 10% reflector 110m 
Maximum Range >200 m 
Laser Pulse Energy ~1μJ 
Laser Rep Rate 25 kHz 
Max LiDAR Frame Size 300 × 50  

LiDAR Frame Rate 
1 Hz (variable, 
dependent on 
frame size) 

Laser Wavelength 1550 nm 
Dynamic / Foveated FOV Yes 
Point and Hold Possible Yes 
Solid State / No Moving Parts Yes 
 
arrays,9, 10 electro-wetting arrays,11 and acousto-
optics. Despite significant advances, some inherent 
limitations with diffractive approaches remain.  
Diffractive approaches are not continuous and have 
blind spots in their steering unless their steering 
range is significantly reduced. Beam quality, optical 
insertion loss and side-lobes can also be a challenge. 
Finally, the moving locations of 2pi resets in OPAs 
typically make it impossible to scan in an analog or 
continuous fashion. Discrete or quantized scanning 
requires stepping through each intermediate spot and 
waiting for the system to stabilize on that point 
before going to the next one. This makes that total 
scan time scale linearly with the number of points to 
be scanned. In the case of an LC OPA, an LC 
relaxation (5 - 30 ms) must occur for each point.  
Therefore, to do a linear spot-to-spot sweep or scan 
across a 1000 spot FOV, i.e., 1000 steps, one must 
wait between 5-30 seconds.  A 1000 × 100 raster scan 
would take between 8 to 25 minutes!  Switch times 
on the order of microseconds are necessary for 
diffractive approaches to realize reasonable frame 
rates. Si waveguide OPAs show promise of reduced 
switching times, but thermal-optic tuning also 
presents a challenge for power consumption and 
performance over temperature as tight integration 
makes it hard to thermally isolate each switch 
element. What is needed is a high-speed, non-
diffractive, large-angle continuous scanner.  
Unfortunately all prior refractive scanning attempts 



 

Luey 3                       

only realize a small voltage control over optical 
phase, which means only a small scan angle and/or 
aperture.12-15 For example, the KTN scanner from 
NTT used 250V and only realized 20 spots with a 
300 micron wide beam.14  

 

Figure 1. TOP) The basic design of a liquid crystal 
(LC) waveguide with a steerable output coupler. 
BOTTOM LEFT)  LC waveguide with patterned 
ITO electrodes to give in-plane beamsteering. 
BOTTOM RIGHT) A finished 2D beamsteerer that 
can steer a 1mm beam 30° x 5°. 

We circumvent these prior limitations by using our 
proprietary Steerable Electro Evanescent Optical 
Refractor (SEEOR). The underlying photonic 
architecture utilizes a liquid crystal (LC) material as a 
cladding layer in a slab waveguide to generate large 
refractive index changes of up to Δneff =0.04 for the 
guided wave (Figure 1, top).  The evanescent field of 
the fundamental waveguide mode interacts with the 
LC layer near the surface of the waveguide where the 
LC molecules are well-ordered and experience high 
restoring forces.  LC waveguides can exhibit losses 
under 0.5 dB/cm and have sub-millisecond response 
times.  The liquid crystal layer is held in place by a 
cover glass as in standard liquid crystal displays 
(LCDs). This architecture decouples the interaction 
length from the thickness of the LC layer, enabling 
unprecedented analog voltage control over optical 
phase (>2 mm tuning over optical phase has been 
demonstrated), with fast response times and low 
losses.    

The top of Figure 1 shows the structure for vertical or 
out-of-plane beamsteering.  This is achieved by 
allowing the evanescent field to contact and tunnel 
into a high-index silicon substrate by tapering the 
silica subcladding.  A simple S-taper results in a 
Gaussian beam output with M2 ~ 1.  The out coupling 
angle θ  into the silicon substrate is given by 

 
silicon

eff

n

n
=θsin , (1) 

where neff is the index of the guided wave and 
depends on the index of the core, subcladding, and 
the voltage-dependent index of the LC layer.  The 
output beam exits the waveguide facet near 
Brewster’s angle.  Note that the steering in air is 
much larger than steering inside silicon because of 
the index difference and anamorphic compression at 
the facet.  Devices that steer a 0.2° diverging beam 
over 15° have been demonstrated.   

In-plane beamsteering is achieved by patterning the 
coverplate electrode into a succession of prisms.  The 
LC waveguide enables the index under the prism to 
be tuned leading to tunable refraction.  By increasing 
the width of the prisms along the propagation 
direction, the sweep of the beam can be 
accommodated leading to a “shape optimized” 
steering electrode as shown in the bottom left of 
Figure 1.  Both right and left steering electrodes can 
be used to double the in-plane steering range.   

 

Figure 2. Plot of EO scan angle as a function of 
waveguide voltage for a SEEOR. 

Figure 2 shows the SEEOR scan angle vs voltage. 
Because the tuning is controlled by an analog 
voltage, the tuning is fundamentally continuous. In 
addition to having no blind spots, when jumping 
between two angles, the beam steerer must scan 

1 mm

L= 8.5 mm

 
1 mm

L= 8.5 mm
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through every angle between the start and stop 
angles. We have built SEEOR chips that 
continuously scan up to 30°×5°.  In other devices, we 
have also demonstrated: i) 270° of 1-D steering; ii) 
high speed (1 spot per us); and iii) large aperture (1.2 
cm) scanning. SEEOR’s are compact (~6 cm3), low 
power (only milliWatts), and simple (only 3 
electrodes).  

The SEEOR chips already provide an unprecedented 
level of EO beamsteering.  That said, these chips are 
a new technology and constantly being improved.  
Efforts to increase the FOV and / or beamsize are 
ongoing.  

Utilizing SEEORs for a Solid-State LiDAR Device 
We utilize a discretely scanned staring sensor to 
receive the reflected LiDAR pulses. This bi-static 
approach is the most common detection method 
among LiDAR manufacturers.  In a typical non-
scanned system, the imaged spot just fills the detector 
area to minimize detection of background light.  For 
our EO-scanned launch beam this presents a problem 
because the spot will sweep across the detector.  Our 
answer is to use low capacitance InGaAs to enable a 
larger detector area while keeping the detector 
capacitance low.  In this configuration the active area 
of the detector is necessarily larger than that for a 
non-steered beam. Having a larger detector has 
numerous disadvantages: increased detector 
capacitance, which decreases bandwidth and 
increases electronics noise; increased detector dark 
current; increased background radiation from the 
larger FOV.  We minimize all these effects by using 
an array sensor that is segmented. (see Figure 3 for 
conceptual diagram).  In this way the capacitance, 
dark current and background light is reduced by the 
number of segments in the array. The FOV of the 
segmented return-array is adjusted synchronously 
with the scanner so the receive FOV includes the 
scanner’s field-of-illumination, as shown in Figure 3. 

This approach provides an excellent trade-off 
between scanned LiDAR and a flash approach.  The 
spatial resolution of flash LiDAR is given by the 
diode array size and all diodes must be illuminated 
simultaneously.  With our scanned LiDAR the spatial 
resolution is giving by the scanner resolution and the 
detector elements are sequentially illuminated so that 
one timing circuit can be sequentially switched onto 
each detector element.  This flying-spot LiDAR 
scanner can have reduced cost and require less 
optical power when compared to a purely flash 
approach. This approach also adds flexibility; it can 
provide a dynamic FOV, point-and-hold tracking, 
low density/high speed frames, and much more.  We 

believe this architecture provides the best 
combination of performance attributes: fully non-
mechanical, wide FOV, amenable to a low SWaP 
laser, and overall system simplicity.   

 

Figure 3. Schematic of the EO scanner LiDAR 
architecture.  A laser pulse is launched through the 
EO scanner and the return light is received through 
a synchronized discrete scanning stage onto a 
segmented array. 

SOLID-STATE LIDAR PROTOTYPE & 
DEMONSTRATION 

Prototype Assembly and Components 
We placed lens with a 45mm clear aperture and 
40mm focal length in front of the detector. For our 
detector geometry, this produced a FOV of 20° x 
2.5°. Although the SEEOR can scan wider, the 
LiDAR FOV was limited by the detector geometry 
and the focal length of the lens. The receive FOV can 
be increased in a variety of manners by utilizing: i) a 
more complex receive optic; ii) a larger detector; iii) 
multiple detectors; iv) a faster but smaller receive 
optic; v) or some combination of these changes.  

To measure the time-of-flight (TOF) of the laser 
pulse, the output of the PIN photodiode goes into a 
trans-impedance amplifier and then a threshold 
comparator. The timing on digital output of the 
comparator is then measured using a direct TOF 
technique. This technique calculates the time from 
the initial launch of the flash pulse (measured with 
the flash detector) to both the leading and falling 
edge of the return light pulse. The time between the 
rising and falling edge is an indication of the intensity 
of the received light pulse.  Our implementation was 
only sensitive to the first return of the light pulse. 
Future work will improve the sensitivity of these 
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electronics and will not be limited to only the first 
return of the light pulse.  

 

Figure 4. TOP) Solid module for full LiDAR 
system. BOTTOM) Blown-up solid model for the 
EO scanned LiDAR unit with some key components 
identified. 

Figure 4, Figure 5, and Figure 7 show details of the 
first generation EO scanned LiDAR system. This 
system was not optimized for size and significant 
reductions are planned in future designs.  Figure 4 
shows details of the package interior with important 
components identified.  The launch aperture is below 
the receive aperture, and quite a bit smaller.  A 
compact fiber laser is coupled to the SEEOR 
beamsteerer. This scanner is mounted in a way that 
allows adjustment to the exit angle to align it with the 
exit aperture.  Once the beam leaves the scanner it 
can be EO steered over the full LiDAR FOV of 20° × 
2.5°. The return light first passes through a solar filter 
and then hits the 50 mm diameter receive optic.  
Figure 5 shows a detailed view of the receiver 
housing.  This housing is designed to be light tight to 

prevent false triggers to the timing electronics.  A 
flash detector (hard to see in the pictures) detects the 
zero time of the laser pulse prior to entry into the 
SEEOR beamsteerer. The receiver housing allows 
adjustment between the receiver lens and the InGaAs 
array.  This is aligned so that the focal depth of the 
lens is just in-front of the array.  In this way, 
aberrations are evenly distributed across the array.  
This can be done because the angular position is 
determined not by the array but by the beamsteerer.   

 

Figure 5. Solid model of the detector housing 
assembly.  This unit is designed to be light tight to 
prevent unwanted returns.   

 

 

Figure 6. Fully assembled LiDAR system. 

The electronics inside the unit include the 
beamsteerer driver board, with a SEEOR temp 
control daughter board, a power distribution board, 
and the master control board or “brain board” that 
handles the computer interface.  The high-speed 
timing electronics are mounted directly behind the 
InGaAs array and communicate with the brain board 
via a digital interface. The fiber laser is mounted 
directly to a metal support wall, which serves as a 
heat sink for the laser.  
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A picture of the first generation device, as it is being 
assembled, is shown in Figure 7.  This first unit was 
not designed to minimize size, but rather as a proof-
of-concept unit.  Most of the volume is for 
electronics, which can be put on an ASIC, and would 
significantly reduce size and cost. The fully 
assembled LiDAR system can be seen in Figure 6.  

 

 

Figure 7. TOP) Top view of the first generation 
solid-state LiDAR unit while under construction.  
As can be seen, much of the volume is electronics 
(which can be significantly reduced) and empty 
space. BOTTOM) Side view of the same. 

LiDAR Images taken with LiDAR System 
The left side Figure 8 shows the LiDAR unit set to 
point down a hallway that is approximately 100 feet 
long.  The upper right and bottom of Figure 8 shows 
two different perspectives of the acquired point 
cloud.  No imaging processing, averaging or filtering 
was done to these or any other LiDAR images shown 
in this paper. Figure 9 and Figure 10 show similar 
images for different scenes. 

 

 

Figure 8. UPPER LEFT) Picture of the prototype as 
it is aimed to image down a hallway. The 
transparent red area approximately shows the 
imaged scene.  UPPER RIGHT and BOTTOM) 
Different perspectives of point-cloud generated from 
a single shot. 

 

Figure 9. TOP) Target scene including two cars, 
three people and a bicycle. BOTTOM) LiDAR 
image of the same scene. Point-cloud data is rotated 
slightly to show depth. 
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Figure 10. TOP) Target scene with a large wall 180 
ft away. Far back wall is 285ft away. BOTTOM) 
LiDAR image of the same scene. Dark blue is the 
far wall and the light blue are the AC units mounted 
on the roof approximately 225ft away. 

LiDAR Data 
Two equivalent units were built and their 
performance was characterized using two NIST-
calibrated targets (14% and 28% reflectivity) and a 
variety of other targets that were calibrated relative to 
the NIST-calibrated targets. Both units had similar 
performance and were able to range 10% targets out 
passed 100m with a 1uJ output laser pulse. A target 
that was 40% reflective could range out to 220m. The 
width of the returned light pulse is an indication of 
how much light was received and can be used as a 
signal strength metric. A plot of the light pulse width 
(called measured intensity) vs distance for various 
targets is shown below in Figure 11. At further 
distances, the returned pulse width gets smaller as the 
signal gets weaker and we empirically determined a 
noise floor where we could no longer consistently 
(>95% of the time) see targets. The curves in Figure 
11 can be used to estimate SNR for different target 
reflectivities and distances. No averaging or other 
post-processing was applied to this data. 

 

Figure 11. Uncalibrated Measured intensity as 
measured by pulse width is plotted vs target distance 
for various targets. The SNR is scales with the 
measured intensity, so this plot can be used to 
calculate the SNR for various target reflectivities 
and distances. An empirically measured noise floor 
set the weakest intensity signal that could 
consistently be detected.  

While non-linear, the pulse width can be used to 
calibrate both the measured distance (without 
calibration, weak signals appear further away than 
they are) and the reflectivity of the target. While we 
have not yet done the calibration of target reflectivity, 
using raw intensity data is still very useful for object 
detection and perception.  

Future LiDAR Improvements 
Numerous improvements can be made to this LiDAR 
system. Currently, our electronics do not support 
driving the LC in a continuous fashion from 
minimum to maximum steering. Instead we go to a 
specific voltage (angle), wait and take data for that 
LiDAR pulse and then move to the next voltage. This 
pattern of set, wait, acquire, repeat is much slower 
than having the LC sweep across the desired FOV. 
We have previously demonstrated sweeps like this 
that can scan one resolvable spot per μs. Updated 
electronics should enable us to get frame rates that 
are limited by the laser repetition rate rather than the 
LC, which currently limits our frame rate. Upgraded 
electronics will also be capable of detecting multiple 
return pulses per laser pulse. This can be useful for 
seeing through car windshields and the like or seeing 
through partially obstructing objects. 

Better receive optics should enable a larger FOV 
without sacrificing range. Further improvements in 
the analog front-end sensitivity should expand the 
range further. New designs for the LC waveguide 
will enable larger steering. Changing the aspect ratio 
of the detector would enable a better match to the 
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beamsteerer and increase the FOV of the LiDAR 
system.  

We are investigating laser sources other than a fiber 
laser. This could drastically decrease the size, weight 
and power of the LiDAR system and allow a faster 
laser repetition rate. Moving the electronics into an 
ASIC would also considerably shrink the system as 
the laser and the electronics are currently the biggest 
components in the system. We are also exploring 
other detector technologoies besides InGaAs. 

CONCLUSIONS 

We demonstrated the feasibility of utilizing novel 
electro-evanescent refractive beamsteerers to build an 
EO scanned LiDAR unit with no-moving parts. The 
LC waveguide technology and its application to 
LiDAR is protected by various patents and patent-
pending applications16. Future versions will have 
dramatically reduced size, power consumption and a 
larger FOV.  We believe this LiDAR performance is 
ideal for enabling ADAS and automotive vehicle 
solutions that need long-range, high-resolution, 
mechanically-robust LiDAR. We believe this 
technology can scale to high-volume manufacturing 
and provide car manufactures a key sensor for 
enhancing vehicle safety.  
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ABSTRACT 
 

The conventional detection method of a side crash is using either a pressure sensor located on the door or an 
acceleration sensor, also referred to as G sensor. These sensors detect body intrusion in a side crash. 

This paper focused not only on intrusion of body but also on vehicle behavior change, which is detected 
simultaneously with body intrusion in a side crash. Using intrusion and behavior change of vehicle, an 
investigation of side crash detection performance was conducted.  

Two methods were devised to detect vehicle behavior change in a side crash. One method is using yaw-rate 
sensor located at the center of the vehicle, and the second method is using a G sensor, which has a sensitivity 
axis in the longitudinal direction of the vehicle and located on the body side.  

A side crash detection algorithm was also devised which combined G sensor of lateral direction, which detects 
lateral accelerations in a side crash, and a yaw-rate sensor or G sensor of longitudinal vehicle direction, which 
detects other changes to the impacted vehicle other than lateral accelerations, referred to in this study as vehicle 
behavior. 

This research sought to determine whether crash detection performance can be satisfied for various crash 
modes using numerical simulations. 

The results of these numerical simulations indicate that G sensor response time is fast which makes it effective 
in detecting a high speed crash. The results also showed that yaw-rate data is stable, which implies that data is 
reliable, allowing the use of the developed crash detection algorithm for predicting vehicle behavior changes, 
within certain speed limits.  

Moreover, a side crash test using a test vehicle, also referred to in this paper as Complete Body Unit or CBU, 
CBU was also completed and confirmed that body intrusion and vehicle behavior change occur simultaneously 
and can be reasonably detected a side crash using this paper’s crash detection algorithm. This could potentially 
transform side crash detection in the automotive industry. 
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INTRODUCTION 
 

The conventional method of detecting impact 
forces during a side crash is using an accelerometer 
or a pressure sensor [1] [2]. Accelerometers detect 
velocity changes while pressure sensors detect door 
cavity volume changes which indicate a body 
intrusion in a crash. These methods are effective only 
when the impact directly hits the sensors. Such 
limitation requires either the strategic placement of 
sensors or the use of multiple ones in a vehicle. The 
latter would increase the complexity of car 
development and would increase costs. 

To avoid both development complexity and cost 
increases, as well as to attain a more inclusive 
analysis of side crash investigations, the research 
focused on overall vehicle motion changes during an 
impact, which is referred to in this research as 
“vehicle behavior change.”   

The purpose of this research is whether crash 
detection using vehicle behavior change is possible. 

 In the case of a side crash, when the impact point 
is near the vehicle’s center of gravity (COG), the 
energy is absorbed mainly by body deformation and 
there is little vehicle behavior change. But when a 
crash point is farther from the vehicle’s center of 
gravity (For example, in a vehicle of FF layout, in the 
case of a second row side pole impact), vehicle 
behavior change occurs simultaneously with body 
intrusion. 

Accelerators and pressure sensors are effective in 
detecting a side crash when the impact is near COG. 
However, when the impact is away from COG, it may 
be useful to deploy a system that can calculate 
vehicle behavior change. Vehicle behavior change is 
a physical quantity that can be calculated from crash 
velocity and can be theoretically used for detecting 
occurrence of crashes. 
 
METHODOLOGY 
 
Principle of detection 

Figure 1 and Figure 2 indicate a difference of 
vehicle behavior changes due to a difference in crash 
speeds with nearly the same crash point at the second 
row. 

Figure 1 show the situation at 150 msec. of the 
CBU test where the pole collides with second row 
side at low speed and middle speed.  

Low speed is a crash speed in which the side curtain 
airbag should not deploy. The middle speed is a crash 
speed in which the side curtain airbag must deploy.  

The picture on the left side of Figure 1 show that at 
the low speed crash, energy is absorbed by the 
deformation of the vehicle’s body and there is 
insignificant post-impact vehicle velocity change. On 
the other hand, the right side of Figure 1 show that 
energy was not absorbed by body deformation and 
there is considerable post-impact vehicle velocity 
changes or vehicle behavior change. 

Figure 2 illustrates middle speed and high speed 
side pole crashes. Both speeds require the 
deployment of the side curtain airbag. The picture 
indicates that there is considerable vehicle behavior 
change. Furthermore, the picture shows that vehicle 
behavior change is more apparent in the high speed 
crash than in the middle speed crash. 
 It was observed that there is insignificant vehicle 
behavior change at low speed crashes. However, at 
crash speeds that required side curtain airbag 
deployment, vehicle behavior changes are observable 
and can be calculated as a physical quantity. This 
physical quantity can be used for crash detection. 

Figure 3 shows a middle speed pole crash at 150 
msec. after impact. The picture on the left in Figure 3 
shows the pole crashing into the first row side. This 
impact point is close to the center of gravity of the 
vehicle. Energy is mainly absorbed by the 
deformation of the body and vehicle behavior change 
is again, insignificant. In this case, accelerometers 
and pressure sensors can easily detect body intrusion. 
It is not necessary to use vehicle behavior change for 
crash with impact points that are close to the 
vehicle’s center of gravity. The picture on the right of 
Figure 3, show the impact at the second row side of 
the vehicle and far from the center of gravity. The 
picture also show that there is both intrusion of body 
and vehicle behavior change (Yaw of vehicle) 
occurring simultaneously at 150 msec. after impact. 
There is a significant vehicle behavior change, which 
can be quantified and can be used as an indicator of a 
crash. 

 
Figure 1. Vehicle positions at 150 msec. after impact 
for low and middle speeds. 
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Figure 2. Vehicle positions at 150msec. after impact 
for middle and high speeds. 
 

 
Figure 3. Vehicle positions at 150msec. after impact 
for front and second row side crashes. 
 
Detection methods of vehicle behavior change. 

Two methods were devised as detection methods of 
vehicle behavior change during a side crash beside 
second seat. 

One method is to detect vehicle yaw-rate directly 
using a yaw-rate sensor. 

Since a vehicle has inertia, when vehicle behavior 
change will once occur, data of yaw-rate is stable. So 
we expected that performance of crash detection has 
stability.  

 
Figure 4. Detection direction of each sensor at a 
time of a side pole crash. 

 
 

For example, when a side pole crash occurs near a 
second seat, a yaw-rate sensor detects yaw-rate in 
counterclockwise direction as shown in Figure 4. 

Another method is using a satellite G sensor which 
has a sensitivity axis of vehicle longitudinal direction. 
The satellite G sensor is located on body side. This 
sensor is called a satellite impact sensor and is 
abbreviated as SIS in this paper. 

For example, when a side pole crash occurs near a 
second seat, SIS detects G which direction is 
indicated with green arrows in Figure 4. 
 
How to use the two detection methods 

The characteristics of data are different between G 
and yaw-rate sensors. So we use two methods.  

Since G is transmitted along a body member during 
a crash, there is a characteristic that the response is 
fast. Therefore, it seems that it is suitable for a high 
speed crash. Because a high speed crash requires a 
fast response time. 

The response of the yaw-rate sensor is not as fast as 
the accelerometer but it is stable which makes it 
suitable for detecting middle speed impacts. 

The characteristics of the yaw-rate data are shown 
by CBU test data in Figure 5. 

The CBU test data of a side pole crash into the 
second row at middle speed is the data shown in 
Figure 5. 

 In this paper, in a case of a high speed side crash, 
we use accelerometer sensor data for detection of 
vehicle behavior change as we expect fast response 
and in a case of a middle speed side crash we use 
data of yaw-rate sensor to detect of vehicle behavior 
change as we expect a stable response.  

In this paper, a timing of side crash detection for 
establishing passenger protection performance is 
hereinafter referred to as T-TTF (Target Time to fire) 
and we researched whether the sensing system can 
detect the crash at the desired T-TTF. 
  

 
Figure 5. Data of each sensor at middle speed 

crash. 
 

Layout of sensors used for this research 
Since the behavior of the entire vehicle changes 

during a side crash event the area that can be utilized 
for sensor application is large. We aimed at a simple 
sensor system. So, we tried to integrate as much as 
possible with a conventional sensor system. For that 
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reason, we have conducted this study based on a 
simple sensor system shown in Figure 6 and Figure 
7. 

Yaw-rate sensor data was acquired at the SRS-unit 
located on the front floor. Detection of vehicle 
behavior change by acceleration used a sensor 
located on B-PLR LWR as shown in Figure 6 and 7.   

Conventionally, in order to detect vehicle 
acceleration, this sensor has a sensitivity axis in 
lateral direction of vehicle. In this study, the sensor 
also detects vehicle behavior change, this sensor also 
incorporates an accelerometer in the longitudinal 
direction.  

In this paper, X, Y, Z coordinates are defined as 
shown in Figure 7. Longitudinal direction of a 
vehicle is X, lateral direction is Y, and vertical 
direction is Z. In addition, when it is written as Gy, it 
indicates that it is G in the vehicle Y direction and 
when it is written as Gx, it indicates that it is G in the 
vehicle X direction. 
 

 
Figure 6. Sensor layout. 
 

 
Figure 7. Sensor layout. 
 

Crash detection algorithm 
In a pole crash impacting the second row, there are 

two features as explained. 
One is that G and yaw-rate sensors respond for a 

short time. Another is that Gy data and Gx and 
yaw-rate data related to vehicle motion change 
respond are available at the same time. 

An algorithm to detect these features is needed. 
 We devised a crash detection algorithm based on a 

two-dimensional map of vehicle motion change. This 
algorithm shows features which body intrusion and 
vehicle behavior change occur. The two-dimensional 
map which we devised is as shown in Figure 8. In 
this algorithm, the horizontal axis is a value 
calculated based on data of yaw-rate sensor or SIS 
Gx. The vertical axis is a value calculated based on 
data of SIS Gy. Crash detection is carried out based 
on a path of these data on this map. 

In order to capturing features of the crash data occur 
over very short time duration we focus on a point 
which a value is calculated based on yaw-rate and G. 

In order to capture a short time event, it is effective 
to use a difference value of about several tens of 
msec. for yaw-rate sensor data and a definite integral 
value of about several tens of msec. for G data. By 
looking at these data for a certain time in this way, 
these data becomes large in a short duration event 
and small in a long duration event. This makes it 
possible to easily separate a crash event from a 
misuse event during normal driving. 

For a certain time of several tens of msec. optimum 
value differs depending on body, so adjustment is 
required depending on body. 

In this paper, in a case of high speed crash, a 
definite integral value of SIS Gy is used as the 
vertical axis and a definite integral value of SIS Gx is 
used on the horizontal axis. In a middle speed crash, 
a difference value of SIS Gy is used on the vertical 
axis and a difference value of yaw-rate sensor is used 
on the horizontal axis. We investigated crash 
detection performance using these physical quantities 
in the algorithm. 

In the map of this algorithm, intrusion of body and 
vehicle behavior change also come out as a physical  
quantity corresponding to crash speed, so that 
distance from the origin has a meaning 
corresponding to crash speed. 

 We do not want to deploy airbag in case of a low 
speed crash and want to deploy it in case of a middle 
speed or more. Therefore, by setting a threshold 
value to be larger than data of a low speed crash, it is 
possible to make a judgment that airbag is not 
deployed, because it does not exceed a threshold 
value in case of a low speed crash. Since data 
exceeds a threshold value in case of a middle speed 
crash or more, it is possible to make a judgment to 
deploy airbag. 

Also, when a side crash occurs near center of 
gravity of vehicle (for example, crash of front seat 
side), intrusion due to crash comes out large and 
vehicle behavior change is small, so a value on the 
horizontal axis is small and a value on the vertical 
axis is large. So a path of the data on the map of 
algorithm extends for upward shown as Figure 8. On 
the contrary, when a crash occurs at far from center 
of gravity of vehicle, intrusion and behavior come 
out, so that a path of the data on the map of algorithm 
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extends for diagonally upward. Approximate crash 
position can be estimated by a direction of the data. 

 

 
Figure 8. Crash detection algorithm using 
two-dimensional map. 
 
RESULTS 
 
Verification on various crashes using simulation 

For various crashes, we confirmed whether the 
algorithm we devised can be possible to respond. 

Simulation used LS-DYNA as a solver and used a 
model correlated with CBU test. It was verified with 
a model based on Honda Accord. 

The verified modes are as shown in table.1. In this 
time, we selected modes which pole impacts the 
second row side. 

We verified by changing diameter of pole, crash 
speed, crash angle and crash position. 

The crash angle is as shown in Figure 9. 
The crash position is as shown in Figure 10, and 

the second seat side is defined as mid. Front and mid, 
mid and rear have a distance of 400 mm. 

 

 
Figure 9. Image of side pole crash of angular 
difference. 
 

 
Figure 10. Image of side pole crash of position 
difference. 

 
Table 1.  

Conditions of simulation 
 
 

 
 

The simulation data was acquired at the place 
shown in Figure 6.  

Figure 11 and Figure 13 show all the simulation 
data of the low speed crash. Figure 11 uses SIS Gx 
and Gy, and Figure 13 uses yaw-rate and SIS Gy. A 
threshold value for deployment of airbag is set larger 
than the data of low speed crashes. Figure 12 and 
Figure 14 represent part of the simulation data. The 
high speed crashes was detected by SIS Gx and SIS 
Gy as shown in Figure 12. The middle speed crashes 
was detected by yaw-rate and SIS Gy as shown in 
Figure 14.The data in Figure 12 and Figure 14 were 
plotted up to the T-TTF and could be judged 
exceeding the threshold until the T-TTF. So it found 
that the required performance is satisfied. 

Figure 12 and Figure 14 show the data of a part of 
the simulation, but we confirmed that the crash 
detection performance is satisfied in all data of the 
simulation which we conducted. 

We found that the crash detection performance on 
the various side pole crashes was sufficiently 
satisfied even by the method of detecting vehicle 
behavior change. 

 
Figure 11. Simulation data of the low speed crash 
and this map is drawn by SIS Gx and SIS Gy.  
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Figure 12. Simulation data of the high speed crash 
and this map is drawn by SIS Gx and SIS Gy. 
 

 
Figure 13. Simulation data of the low speed crash 
and this map is drawn by yaw-rate and SIS Gy. 
 

 
Figure 14. Simulation data of the middle speed 
crash and this map is drawn by yaw-rate and SIS 
Gy. 
 
Verification in CBU test 

We also carried out CBU tests which modes are 
shown as Table 2. Figure 15 and Figure 16 show the 
data of the CBU tests. Figure 15 uses SIS Gx and Gy, 
and Figure 16 uses yaw-rate and SIS Gy. A threshold 
value for deployment of airbag is set larger than the 
data of the low speed crashes. For middle speed and 
high speed crashes data, they were plotted up to the 
T-TTF. So the data could be judged exceeding the 
threshold until the T-TTF. So the required 
performance is satisfied. 

 
Table 2. 

CBU test Modes 
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Figure 15. CBU data drawn by SIS Gx and SIS Gy. 
 

 
Figure 16. CBU data drawn by yaw-rate and SIS 
Gy. 
 
DISCUSSION 
 
Verification of misuse during normal driving 

Vehicle behavior change also comes out during 
normal driving. So, we confirmed performance of the 
algorithm by CBU test. 

We considered six modes. These test modes are 
driving circle, turn, lane change, spin on low μ road, 
riding on a curb of rear wheel and passing on split μ 
road. 

In these modes, the yaw-rate comes out most as 
spin on low μ road. Therefore, the data of spin on 
low μ road is represented in Figure 16. 

The duration of the data of the vehicle behavior 
change at the time of spinning is several seconds. 
However, the crash detection algorithm uses a 
difference value of several tens of msec.  It can be 
seen that the time scale is completely different. 

Therefore, as shown in Figure 17, the data stays 
close to the origin. So the misuse during normal 
driving is not a problem on the algorithm. 

Moreover, the vertical axis of the algorithm is a 
physical quantity of intrusion. Since intrusion of 
body does not occur during normal driving, the data 
does not come out on the vertical axis. Therefore, it 
was found that the toughness is high for the misuse. 

 

 
Figure 16. Yaw-rate data during spin on the low μ 
road. 
 

 
Figure 17. CBU data on the algorithm during spin 
on the low μ road. 
 
Verification of influence on vehicle behavior 
change when center of gravity changes 

Since vehicle behavior is used, we can consider 
that an influence will come out when center of 
gravity of vehicle changes. In vehicle with FF layout, 
as a case where position of center of gravity changes, 
it is conceivable that a heavy weight is fixed to the 
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trunk room. We verified this condition using 
simulation. 

The simulation was carried out in Accord based 
car with 300 kg weight fixed to trunk room. As the 
weight was fixed, the center of gravity of the vehicle 
moved about 300 mm rearward. The results of 
simulation show in Figure 19. As the center of 
gravity changed, the data changed slightly, but the 
crash detection performance was influenced little. 

When the crash position changes to a position 
close to the center of gravity of the vehicle, in 
principle, intrusion becomes larger and vehicle 
behavior change becomes smaller, so it is expected 
that the path on the algorithm will change to upper 
left in the algorithm.  

Although slight changes were observed according 
to this principle it was confirmed that the influence is 
quite small. 

 

 
Figure 18. Image of the change of COG when 
heavy weight fixed to trunk room. 

 

 
Figure 19. Data changed on algorithm when the 
vehicle center of gravity changed. 

 
Detection performance of vehicles with third seat 

Even in the case where the vehicle has a third seat, 
we also researched in the CBU test whether crash 
detection is possible with the sensor configuration 

shown in Figure 6.The CBU test was carried out 
using 1-box vehicle with a third seat. The CBU test 
modes are shown as Table 3. Figure 20 and Figure 21 
show the data of the CBU test. The plot of the data 
was until T-TTF except the low speed crash data. In 
the crash of middle speed or more, the data exceeds 
the threshold. So, we confirmed the crash detection 
performance is satisfied. 

As for the reason why the detection performance 
was satisfied with the side pole crashes of third seat 
side, when the crashes occurred farther from the 
center of gravity of the vehicle, the value of the 
vertical axis becomes smaller, but the value of the 
horizontal axis becomes larger. As a result, the data 
could be extended on the algorithm to a position far 
from the origin. 

Although the data of SIS Gy is small, G sensor can 
detect. It can be considered that this is due to the fact 
that the member of body exists up to the third seat 
and the G data can be transmitted through this 
member.  

If the body member does not exist up to the third 
seat, the data does not extend on the vertical axis of 
the algorithm. If the data only extend on the 
horizontal axis alone, it is difficult to judge the crash. 
This is because the vehicle structure is not 
compatible with the detection concept. 

 
Table 3. 

CBU test modes 
 
 

 
 

 
Figure 20. CBU data on the algorithm using SIS 
Gx and SIS Gy. 



                                      Okamura 9 

 
Figure 21. CBU data on the algorithm using 
yaw-rate and SIS Gy. 
 
CONCLUSIONS 
 

In this paper, we devised a crash detection 
algorithm using vehicle behavior change and 
intrusion of body from detection concept. We also 
researched its crash detection performance. 

We confirmed that sufficient crash detection 
performance is obtained from the results of the 
simulation and the CBU tests.  
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ABSTRACT 
 

AEB system is a representative safety system to help avoiding forward collision or mitigate the  velocity 
resulting in reduction of occupant′s injury risk.  Fatality ratio increases rapidly in in high velocity region, but 
Euro NCAP, US NCAP and IIHS evaluate AEB system under the relative velocity of 60kph. In the aspect of injury 
risk, it becomes more important to maximize it’s efficiency  in higher velocity region and to investigate the effect 
of active and passive combined safety system because occupant′s motion increases as the impact speed is 
reduced in pre-crash phase. Therefore, the control and design of active and passive safety measures need to 
minimize the occupants’ injury through the cooperative control of AEB’s braking profile and PSB (Pre-safe 
Seat Belt), airbags, motion of seat and steering Wheel. 

For this, computer simulation is carried out in pre and post phase of crash.  In active safety simulation, 
vehicle behavior in Pre-crash phase is correlated well between real car and model. The vehicle′s behavior 
according to different braking profile is produced and it is used to reproduce the motion and injury of H-3 
dummy and active human body model with the relation to airbag deployment in the passive safety analysis.  
Also, volunteer test for measuring occupants′ behavior in order to validate simulation data and  correlate 
between model and real human with the parameter change of PSB activation and AEB  braking profiles. 

From this study, it is found out that PSB activation time and load don′t have much effect on  injury, while 
braking profile is effective. In case of 40kph unbelted test mode, bottom-out between head and windshield, 
chest and crash-pad occur due to pre-crash motion and OOP situation. The airbag TTF also plays important 
role to reduce injury risk. The control of steering wheel and passenger seat gave little effect on injuries. From 
the volunteer tests, the occupant’s motion was measured by video analysis and IMU sensor to verify 
simulation data.  

The cooperative control of active and passive integrated safety system will be helpful  to deduce occupants′ 
injury in high velocity region when braking profile is controlled well by the communication with passive 
safety systems. 
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INTRODUCTION 

AEB(Autonomous Emergency Braking) is a active 
safety system that can make a vehicle to avoid 
collision or mitigate the damage by urgently  
reducing velocity with the informations obtained 
using ADAS(Advanced Driver Assist System) sensors 
such as camera or radar. Camera and radar fusion as 
shown in Figure 1  is typically applied to AEB system 
due to the system’s reliablity in recognition 
performance and as the performance of sensors are 
improved, some manufacturers are adopting single 
sensor AEB system for general use. Also, in US and 
Eropean market, OEMs are induced to make the 
system as standard safety  measures by signing MOU 
with NHTSA and running dual rating with fitment 
rate policy in Euro NCAP test, respectively. 
From the Thatcham’s research report [2]  in Figure 2 , 
if the system is applied to the market satisfying the 
fitmet rate Euro NCAP suggets,  it is predicted that 
the fatalities will be decreased by the 50% of current 
number in 2025. Due to this benefit of the system, 
Euro NCAP is adding AEB VRU-P (AEB Vulnerable 
Road Users Pedestrian) night test and VRU-C (Cyclist) 
test to current assesment program in 2018 and IIHS 
already evaluate the system for TSP+ requirement in 
their test protocol.NHTSA is preparing for CIB/DBS 
tests in US NCAp test. AEB system become a most 
important active safety sytem such as airbag became  
a essential passive one now after it was firstly 
adopted and then have made a great contribution to 
reducing fatalities.  

 Figure 1.  Active and passive safety  system 
configuration. 

Figure 2.  Expected reduction of fatalities with 
the fitment of Euro NCAP AEB. 

 

Figure 3. Traveling speed and the risk of 

involvement in a casualty crash. 

Now, Euro NCAP AEB test  aims that collision is 
avoided under the relative velocity of 60kph, and 
IIHS performs their AEB test by 40kph. But it is more 
important to maximize it’s efficiency  in high velocity 
region in order to save more lives and reduce 
occupants’ severe injury, because  the relative risk 
increases rapidly in high velocity region as shown in 
Figure 3 which represent that in a certain area with 
the limit speed the  probability of casual creah 
steeply increase over 60kph resulting in twice the 
risk per 5kph [2]. In order to do this, we can advance 
the braking time using more acurate and number of 
sensors like corner radars. But in this case, the 
forward motion of occupants increase which can 
causes OOP (Out of Position) before crash and airbag 
deployment resulting in addition occupants’ injuries 
as shown in Figure 4. And also the vehicle behabior 
like pitching and deeping from AEB activation can 
intensify the head and neck injuries. And also the 
increase of head and neck injuries should be seiously 
considered when conventional driver or passenger 
airbags are deployed just after system activation in 
high velocity crash from the occupant’s forward 
movement is produced by AEB viewpoint of  passive 
and active safety system integration. 

 
Figure 4. Occupant’s behavior and the 
mechanism  in pre-crash phase. 
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The main purpose of this paper is to find the 
methodology of cooperative control between  AEB 
and passive safety systems considering braking 
profile, PSB (activation time, tension of belt webbing, 
unbelted condition), airbag shape and control, 
reward motion of seat and forward motion of 
steering wheel to minimize the occupants’ severe 
injury in the high velocity crash when the collision is 
unavoidble. For this, we implemented computer 
simulations to get the vehicle’s and occupants’ 
behavior from AEB activation to just before crash in 
pre-crash phase and performed injury analysis in 
post-crash phase using Per-Scan, CarSim and 
MADYMO software. To correlate the the simulation 
data and verify the occupant’s motion, volunteer 
test were carried out. From this study, we found out 
that which factors gave main effect on reducing 
occupants’ injury and approach to analysis of more 
various kind of  occupants’ seating situations. 

COOPERATIVE CONTROL OF ACTIVE AND PASSIVE 
SAFETY SYSTEM BY COMPUTER SIMULATION 
 

The study of active and passive safety system 
with real crash test does not have too much of  
reliable accuracy because there are big difference 
of biofidelity between real human and crash 
human dummy like Hybrid-3 or THOR. So, as 
stated before, Pre-Scan, CarSim and MADYMO are 
used in pre-crash phase and in post-crash phase, 
respectively. Especially in MADYMO model, both 
of Hybrid-3 and active human dummy are 
compared in every test cases.  
 
Model Preparation 
 
Simulation model in active safety part A PreScan-
CarSim coupled model was developed for 
integrated safety system investigation. The vehicle 
model of HMC Genesis G80 is built to simulate in 
all of the scenarios. 

 
Figure 5. Vehicle model and sensor modeling 

 

 
Figure 6. Validation of vehicle model’s behavior 
 
The vehicle geometry and sensor model were 
imported into PreScan (See Figure 5) and CarSim 
model was coupled with PreScan and verified by 
comparing with CarSim standalone. The ESC 
controller for longitudinal braking was 
implemented to reproduce the braking 
characteristic of G80 vehicle and the implemented 
ESC controller were verified by comparing the real 
vehicle test data within the speed range from 8 to 
100kph with and without AEB braking input as 
shown in Figure 6. The AEB and PSB controller 
were coupled with PreScan and tested with two 
reference AEB loading conditions. Model showed 
acceptable to good correlation results so that it 
can generate the vehicle motion data for 
MADYMO occupant simulations. 
 
Simulation model in passive safety part MADYMO 
models are set up to be used in the various load 
cases including Hybrid-3 (5 & 50%) and active 
human dummy model, driver and passenger 
airbags, pre-safe seat belt and vehicle (IP, steering 
wheel, seat, etc.) They are correlated with the 
crash test data of 40km/h unbelted and 56km/h 
belted USNCAP barrier test. Crash pulses are 
generated using FD-Curve method and pulse 
scaling, which is extrapolated to higher crash 
speed for the pulse prediction using a 56 km/h full 
width frontal FE simulation pulse as a reference 
pulse. The amount of vehicle pitching as function 
of the impact speed is also feed into the model. To 
decide air bag TTF, we follow 5’-30ms rule and 
modified them to correlate with test data, which 
matches with test data well (See Figure 7). 
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Figure 7. MADYMO Model and pulse generation 
 
Effectiveness Analysis with Cooperative Control 
 
Head motion and injuries according to braking 
profile and PSB effect In this simulation case, AEB 
braking type and PSB TTF are investigated. The 
step and ramp type of braking profiles are exerted 
and various PSB activation times before full 
braking by -0s, -0.2s, -0.4s, -0.6s are considered to 
reduce occupant’s motion.  
As a result, the braking profile doesn’t give much 
effect on head motion due to seatbelt’s restraint, 
whereas the change of AEB type has biggest effect 
on HIC 15. But the decrease of HIC15 is due to the 
reduction of collision velocity by ramp input. 
When varying the PSB  activation time before full 
braking, the earlier the PSB is triggered the less 
forward motion of the head occurs but gives not 
much effect on head and neck injury as shown in 
Figure 8.  
 

 
Figure 8. Head motion and injuries according to 

braking profile and PSB TTF and load). 

 
Figure 9. Head motion and injuries according to 

belt tension of PSB. 

Addition of the PSB reduces the pre-crash forward 
motion of the occupant head around 40-56mm, 
when occupant is not fixing hands to steering 
wheel (AHM Driver). For two kinds of PSB belt 
tension of 250N and 400N, there were also not 
much difference in injury values as shown in 
Figure 9. 
The trends of Driver AHM is different to the 
trends of H-3 dummy and passenger side which is 
an effect of the fixation of the hands to the 
steering wheel.  
 
Head motion and injuries according to airbag 
control and design parameters In this section, the 
effectiveness of AEB braking type, DAB/PAB TTF, 
vent hole size and active vent on/off are 
investigated with the test matrix of 40km/h  
unbelted and 56km/h belted, 5% and 50% 
dummies. The impact speeds were same whether 
AEB is activated or not by changing initial velocity 
of vehicle.  
Due to AEB, the driver moves in a OOP position 
during airbag deployment resulting in bottom-out 
 

 
Figure 10. OOP motion in Driver/Passenger-side 

of 40kph unbelted case for 50% AHM (T=0ms). 
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 between head and windshield, chest and crash-
pad (See Figure 10). Simulations with occupant in 
OOP position can cause bad airbag deployment in 
some situations especially for 5% occupant.  
In the belted USNCAP test mode by 56km/h, AEB 
improves the injury values in many cases even 
though it causes the increase of head premotion 
before collision rather than we expeted. The more 
forward motion due to emergency braking 
produces the earlier restraint of head by airbag. 
Also, the earlier coupling of belt forces results in 
higher pretensioner forces and earlier restraint by 
belt on the shoulder. In conclusion, the earlier 
restraint of belt and airbag has positive effects on 
the peak chest deflections and peak head 
acceleration as shown in Figure 11. But this can be 
changed by different design factors of seatbelt 
and airbag. 
The earlier airbag TTF and active vent hole are 
helpful for USNCAP score. In this study, there is 
assumption that airbag TTF can be advanced with 
the decision of airbag deployment when detecting 
obstacles and making it sure the vehicle will 
collide with it using ADAS sensors. When the vent 
hole size and the size of passenger airbag from the 
side view become bigger, the injury risk increases. 
The neck injury shows different tendency between 
Hybrid-3 dummy and active human model. 
 
Unbelted occupant’s motion and injury risk 
according to braking profiles in OOP situation  
The occupant’s motion and injury risk with the 
same impact speed of 40km/h in unbelted test are 
investigated. The initial vehicle velocity varies 
according to deceleration command from 0.32g to 
1.1g by changing braking profiles with both step 
and ramp type.  
The head pre-crash motion of the occupant is 
limited up to 0.48g.  
 

 
Figure 11. Positive effect of AEB and airbag 
coupling on occupant injury risk. 

 
Figure 12. The head pre-crash motion by peak g. 
 
Considering only the simulations with limited pre-
crash motion, increased forward motion is 
improving or hardly changing the USNCAP score.  
 
Belted occupant’s motion and injury risk 
according to Steering wheel and seat pre-crash 
motion The reward motion of seat and forward 
motion of steering wheel are applied before full 
braking time by two levels in order to analyze the 
compensation effect of head motion when AEB is 
activated.  
The motion of steering wheel and seat are not 
improving the overall injury values. The driver 
head is moving more while the hands are 
connected to the steering wheel and the head is 
pulled forward with the hands. The passenger 
shows no effect of the seat motion on the head 
pre-crash motion (See Figure 13). 
 
VOLUNTEER TEST IN PRE-CRASH PHASE 
 
The volunteer test of active and passive integrated 
safety system is carried out to verify the 
simulation results and to obtain the occupant and 
vehicle data which will be used for correlation 
between simulation and real test.  
 

 
Figure 13. The head pre-crash motion and 
USNCAP score by seat and steering wheel. 
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Figure 14. IMU, Accelerometer on body and car. 
 

 
Figure 15. EMG sensor position on body. 
 
Configureation of Volunteer Test 
We conducted volunteer test to acquire the 
occupant’s behavior for general people who didn’t 
have AEB activation experience before. High 
speed camera is equipped onboard and recorded 
passenger for the analysis of occupant motion by 
TEMA software which handles video processing. 
Markers for TEMA analysis, IMU and EMG sensors 
are attached on the volunteer’s body as shown in 
Figure 14, 15, 16. 
 
Test Results ans the Analysis 
 
Max head excursion when PSB is on/off To verify 
the effect of PSB on occupant’s head motion, 
random activations are applied for 1 volunteer. In 
this test scenario, max head excursion was 230mm 
when PSB is off and the average difference was 
80mm according to on/off condition. 
 

 
Figure 16. Markers for video analysis. 

Table 1. 
Max head excursion when PSB is on/off  

 
Table 2. 

Head excursion at crash  

 
The difference between simulation model and 
volunteer test result was 55mm, but this results in 
not too much of head injury in the CA model in 
belted test mode. 
 
Volunteer test result according to AEB braking 
profile 12 volunteers participate in this test and 
three times of same condition were given for each 
occupant. 4 kinds of braking profiles with the 
different level by 0.35g, 0.6g, 1g of step type and 
1g of Ramp type were applied. In some soft 
braking cases, the results were different than we 
expected. 
 

 

Figure 17. Occupant’s behavior comparison. 

 
PSB on PSB off Difference 

Max. Head 
excursion 

150mm 230mm 80mm 

 
AHM 
model 

Volunteer Difference 

Head 
excursion 
at crash 

100mm 155mm 55mm 
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Figure 18. Corridor analysis of head motion. 

With the low level of braking profile, the head 
motion was increased because seatbelt was 
locked in later time in comparison to high g 
control. The corridor analysis using the specific 
position of body and joint angle data obtained by 
IMU sensor is not effective and has comparatively 
small behavioral values (See Figure 18). 

Muscle activity result according to AEB braking 
profile In the viewpoint of injury caused by the 
coupling between muscle’s fatigue and AEB 
braking, there’s little probability of serious injury 
risk from the EMG data. The muscle activity with 
ramp type braking profile shows the most small level 
in comparison to with step type one as we can see in 
Figure 19. From this result, it can be inferred that the 
former one is beneficial for making comfortable 
feeling when AEB is activated.  

 
 
 
 
 

 
Figure 19. Muscle activity in the area of neck 
according to braking profiles. 

CONCLUSIONS 
 

AEB system is no longer a standalone safety 
system. It is to be integrated not only with 
autonomous vehicle but also passive safety 
system. AEB become an essential ADAS for both 
convenience and safety, so that the cooperative 
control between more advanced technology and 
conventional safety system can make it possible to 
cover wider range of crash speed for reducing 
occupants’ injury risk.  In the viewpoint of the 
latter connection, the effectiveness of AEB and 
restraint coupled safety system is investigated.  

In this paper, there are major control factors that 
can reduce occupant’s injury, which are braking 
profile, airbag TTF and its inner pressure. Neck 
injury is mostly affected by AEB. Especially, when 
occupant doesn’t fasten the seatbelt, bottoming 
out between occupant and interior part occur due 
to OOP by AEB activation. This kind of severe 
accident case is directly related with autonomous 
vehicle. The AEB and restraint system control 
strategy to cope with OOP situation would be the 
next issue. 
 
 
REFERENCES  
 
You can list your references in a numbered list in 
order of citation in text, or alphabetically by  
Authors’ names. 
 
[1]  Matthew Avery ,The Development of Euro 
NCAP FCA Test procedures-Car and Pedestrian. 
June, 2014 
 
[2]  Gass, S.I. 1978. “Computer  
Model Documentation.”  In Proceedings of the 
1978 Winter Simulation Conference   
(Miami Beach, FL, Dec. 4-6). IEEE,  
Piscataway, NJ, 281-287 
 
[1]  Matthew Avery ,The Development of Euro 

NCAP FCA Test procedures-Car and Pedestrian. 

June, 2014 

 

[2]  Kloeden, et. al. “Travelling Speed and the 

Risk of Crash Involvement”  NHMRC Road 

Accident Research Unit The University of 

Adelaide, November 1997 

 



 

Kim                                                                                                                                                                                            

[3] R. Isermann, M. Schorn, U. Stahlin, 

“Anticollision system PRORETA with automatic 

braking and steering”, VSD, Vol.46, pp. 683-

694, 2008. 

 

[4]  Cyril Chauvel, et. al. Automatic emergency 

braking for pedestrians effective target 

population and expected safety benefits”, 23th 

International Technical Conference on the 

Enhanced Safety of Vehicles (ESV), paper 13-

0008, United States Department of 

Transportation, National Highway Traffic 

Safety Administration, 2013 

 

[5]  Rodolfo Schoeneburg, Karl -Heinz Baumann, 

Michael Fehring, “The Effiency of PRE-CRASH 

Systems in Pre-braked Frontal Collision 

Situations. ”  ESV paper No. 11-0207, 2011 

 

 

[6]  Mark Mages, Martin Seyffert, Uwe Class, 

“Analysis of the pre-crash benefit of reversible 

belt pre-pretensoning in different accident 

senarios.”, ESV Paper No. 11-0442,2011 

 

[7]  Izabella Ferenczi, “RECENT ADVANCES IN 

EFFECTIVENESS ANALYSIS AND VIRTUAL DESIGN 

OF INTEGRATED SAFETY SYSTEMS.”, ESV 2015 

 

[8]  Bastien, Christophe Blundell, Michael, 

“SAFETY ASSESSMENT OF AUTONOMOUS 

EMERGENCY BRAKING SYSTEMS ON UNBELTED 

OCCUPANTS USING A FULLY ACTIVE HUMAN 

MODEL.”, ESV 2015 

 

[9]  Jóna M. Ó lafsdóttir, “Passenger Kinematics 
and Muscle Responses in Autonomous Braking 
Events with Standard and Reversible Pre‐
tensioned Restraints.”, IRCOBI Conference 
2013 
 

 



Matsunaga 1 

 

‘FRONT CENTER POLE’ AND ‘REAR CAR TO CAR’ CRASH TEST IN DEVELOPMENT OF 

CLARITY FUEL CELL VEHICLE 

 

Suguru, Matsunaga,  

Ryuichi, Murai,  

Tomohisa, Kamiyama,  

Honda R&D Co., Ltd. Automobile R&D Center 

Japan 

 

Paper Number 17-0326 

 

ABSTRACT 

 

A high level of crash safety performance is important to expand Fuel Cell Vehicle’s market 

acceptance. In addition to achieving equivalent crash safety performance to conventional 

gasoline and hybrid vehicles, it's also important task for manufacturer to consider and test 

FCVs specific issues.  This will help users understand the crash safety performance of FCVs 

and hydrogen is similar to conventional gasoline and hybrid vehicles. In this paper, we report 

on two crash tests, the ‘Front Center Pole’ and ‘Rear Car to Car’ crash. Both of these crash 

tests were conducted during the development of the Clarity FCV in addition to regulation and 

third party evaluation crash tests. The ‘Front Center Pole’ crash is frontal crash that 

concentrates the impact in a way that locally deforms the front region of the vehicle, testing 

the protection of the fuel cell stack in severe frontal crashes. The ‘Rear Car to Car’ crash is 

rear-ending crash test where an actual bullet vehicle collides into the Clarity FCV using the 

FMVSS 301 test conditions for the purpose of testing the safety performance of the 

high-pressure hydrogen tank.  

 

The ‘Front Center Pole’ crash is a frontal crash where the Clarity FCV impacts at 26kph a 

stationary pole at the vehicles front center axis. The ‘Rear Car to Car’ crash is rear end crash 

test using a mass production vehicle, in this case a Honda Legend Hybrid, as a bullet vehicle 

travelling at 80kph that strikes the rear of the Clarity FCV with a 70% overlap.  

 

‘Front Center Pole’ crash test, we have confirmed there is no serious damage to the fuel cell 

stack and no hydrogen leakage. ‘Rear Car to Car’ crash, we have confirmed there is no serious 

damage to the high-pressure hydrogen tank and no hydrogen leakage.  
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INTRODUCTION 

 

Honda recognizes that the products we sell 

throughout the world contribute to global climate 

change through CO2 emissions. As such, we have 

a responsibility to help solve the global 

environmental problems that constitute a pressing 

issue for society.  As a possible solution, the 

design of zero emission vehicles, vehicles that do 

not discharge CO2, are attracting much attention. 

FCVs are one type of zero emission vehicles that 

generate electricity by a chemical reaction 

between stored hydrogen and atmospheric oxygen. 

These FCVs discharge no CO2, the only exhaust 

is water vapor. As such, FCV could eliminate the 

CO2 released due to transportation. 

Honda started to sell the Honda Clarity, a fuel cell 

vehicle in March of 2016. The key feature of 

Clarity FCV was designing a fuel cell power train 

placed in the traditional vehicle engine 

compartment. (Photograph 1) Other conventional 

FCV have placed the vehicle fuel cell under the 

vehicle floor. This layout allows for both an 

increased interior volume and allows placing an 

additional hydrogen storage tank under the 

vehicle’s floor. With this additional storage 

provided by this additional hydrogen tank, the 

Clarity FCV achieves a class-leading five 

passenger seating and a 750km range.  In 

addition to not emitting CO2, with this design the 

Clarity FCV achieves the same usability as 

conventional gasoline fueled cars and hybrid cars. 

 

 

 

 

 

 

Photograph1. Clarity FCV layout 

 

Crash safety performance has always been of 

critically important to Honda, and this focus on 

safety applies to our FCVs as well. In addition 

to achieving equal crash safety performance to 

conventional gasoline and hybrid vehicles, it is 

important for manufacturers to consider FCVs 

specific issues and educate customers about the 

crash safety performance of FCVs and the 

hydrogen storage systems they use. 

Crash safety performance of mass-produced cars 

is evaluated by regulation crash tests of each 

country and crash tests by third party 

organizations. Crash testing has improved crash 

safety performance and steadily reduced the 

number of victims of traffic accidents. However, 

today innovation is rapidly changing vehicle 

technology.  It is important that manufactures 

consider these innovations and new technologies 

when designing vehicles to protect their 

occupants during well-established crashes tests, 

and real world crashes. 

Crash safety performance consists primarily of 

passenger safety performance, high-voltage 

electrical safety performance, and fuel safety 

performance. FCVs are different from 

conventional gasoline and hybrid vehicles as 

they use compressed hydrogen for fuel. For this 

reason, to establish crash safety performance of 

Fuel cell stack High-pressure hydrogen tank 
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FCVs, it’s important to establish fuel safety 

performance at the crash, i.e., hydrogen safety 

performance. The main hydrogen fuel parts of 

Clarity FCV are the fuel cell stack in the front of 

the vehicle and the high-pressure hydrogen tank 

set at the vehicle’s rear. In this paper, we reported 

two crash verification tests that are among the 

many considerations and tests for establishing the 

Clarity FCV crash safety performance. One is the 

verification of ‘Front Center Pole’ crash to 

evaluate fuel safety performance of fuel cell stack 

in a frontal crash. Another is verification of the 

‘Rear Car to Car’ crash to evaluate fuel safety 

performance of the high-pressure hydrogen tank 

in rear-end crashes. 

 

VERIFICATION OF ‘FRONT CENTER 

POLE ‘CRASH 

 

In this section, we will review the safety 

performance of the Clarity FCV in the ‘Front 

Center Pole’ crash. First, we will explain the fuel 

safety systems of the fuel cell stack. Second, we 

will provide an overview of the ‘Front Center 

Pole’ crash. Lastly, we will report the results of 

the ‘Front Center Pole’ crash testing that we 

conducted in the development of the Clarity FCV. 

 

Fuel Safety Systems of the Fuel Cell Stack in 

Frontal Crashes 

Protecting the fuel cell stack in frontal crashes 

depends on two complementary strategies, the 

hydrogen fuel shutoff system and the structural 

protection of the fuel cell stack. We will explore 

the details of these systems in next section. 

 

Fuel shutoff system The hydrogen fuel shutoff 

system controls the main supply valve of the 

high-pressure hydrogen tank. This system 

suspends the supply of fuel when a crash is 

detected. In CLARITY FUEL CELL, the main 

valve of high-pressure hydrogen tank is closed 

when serious crash is detected that could result in 

hydrogen leakage from the fuel cell stack. By 

closing the main supply valve, the Clarity FCV 

fuel shutoff system prevents the escape of 

hydrogen from the high-pressure hydrogen tank 

through damaged fuel cell stack. 

 

Structural protection Structural protection is 

physical protection of fuel cell stack by the 

vehicle’s body structure and fuel cell stack 

protective housing.  

During a crash, the vehicle’s body structure will 

efficiently absorb impact energy while 

minimizing intrusion. This will minimize the risk 

of damage to the fuel cell stack resulting from 

intrusion of the body structure into the vehicle 

space occupied by the fuel cell.  Moreover, we 

enclose the fuel cell stack in a strong housing, 

called the stack barrier (Photograph 2), 

additionally protecting it from intrusion of 

surrounding structure during the crash. 

 

 

 

 

 

 

 

Photograph2. Fuel cell stack and stack barrier  

 

Stack 
Fuel cell 

front 

right 

up 

stack 
barrier 
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Strategy of the Fuel Safety Systems of Fuel 

Cell Stack 

Clarity FCV establishes a robust level of fuel 

safety performance by combination of the fuel 

shutoff system and the structural protections 

described. During low-speed crashes, fuel safety 

performance primarily is provided by structural 

protection. During high-speed crashes, fuel safety 

performance is provided by both the structural 

protections and the fuel shutoff system. (Figure 1) 

 

Figure1. Strategy of the fuel safe systems of the 

fuel cell stack 

 

In development of Clarity FCV, we designed for 

fuel safety performance by considering various 

crash configurations in addition to regulation 

crash tests and crash tests by third party 

organizations. 

In this next section, we will discuss the ‘Front 

Center Pole’ crash, which is one of the 

additional crash verifications of Clarity FCV fuel 

safety performance. 

 

Overview of ‘Front Center Pole’ Crash 

‘Front Center Pole’ crash is a crash configuration 

where the car impacts a narrow object such as a 

streetlight, utility poles, or trees at the center of 

the vehicle. Since the crash surface is narrow, 

there is tendency for large intrusions into the 

central part of the vehicle. (Photograph 3) 

 

Photograph3. Vehicle collided to a tree[1] 

 

Since the Clarity FCV fuel cell stack is located 

near the vehicle’s front center position, intrusion 

into the fuel cell stack area during the ‘Front 

Center Pole’ crash can be large. This large 

intrusion of the pole into the area of the fuel cell 

stack can make this crash particularly severe for 

the Clarity FCV compared to traditional vehicles. 

Because of the potential risk to the Clarity FCV 

vehicle, a ‘Front Center Pole’ test was used to 

evaluate the performance of the Clarity FCV.  

 

‘FR Center Pole’ Crash Test  

In this next section we will describe the ‘Front 

Center Pole’ test condition and review the 

performance of the Clarity FCV in the ‘Front 

Center Pole’ crash test that was conducted as part 

of the Clarity FCV development. 

 

Crash test condition During the crash test, we 

place an AM50% Anthropomorphic Test Device 

(ATD) in both the driver and front passenger 

position and 40kg of additional weight in the 

vehicle to represent vehicle cargo. Vehicle impact 

velocity is 26kph, which is above threshold that 

will activate the fuel shutoff system to confirm 

strategy of the fuel safety systems of fuel cell 

stack. (Figure 2) 
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Figure2. ‘Front Center Pole’ crash test velocity 

 

The pole impact fixture used is a 254 mm 

diameter steel pole typically used for side impact 

crash testing. (Figure 3) 

 

 

 

 

Figure3. Configuration of ‘Front Center Pole’ 

crash test 

 

Crash test result After the impact, we confirmed 

no hydrogen leakage from either the fuel cell 

stack or any other vehicle location. Moreover, we 

also confirmed that fuel shutoff system had also 

functioned normally. 

 

Photograph4. Clarity FCV ‘Front Center Pole’ 

crash test 

  

Photograp5. Left : Clarity FCV after ‘Front 

Center Pole’ test and Right :    Fuel cell stack 

after ‘Front Center Pole’ test 

From this test result, we confirmed that structural 

protection could be achieved at speed range which 

operates fuel shutoff system. 

That is, during low-speed that does not activate 

the fuel shutoff system, fuel safety performance is 

established by structural protections. And during 

high-speed, additional fuel safety performance 

was provided by the fuel shutoff system. We 

confirmed that fuel safety performance was 

established in ‘Front Center Pole’ crash which is 

severe condition for fuel safety performance of 

fuel cell stack. 

 

VERIFICATION OF ‘REAR CAR TO CAR’ 

CRASH 

 

Next, we will explore fuel safety performance of 

the ‘Rear Car to Car’ crash test used to establish 

the safety performance of high-pressure hydrogen 

tank located at the rear of the Clarity FCV.  

First, we will explain the fuel safety systems of 

the high-pressure hydrogen tank at the rear end 

crash. Second, we will provide an overview of 

‘Rear Car to Car’ crash test. Lastly, we review the 

results of the ‘Rear Car to Car crash test we 

conducted during the development of the Clarity 

FCV. 

 

Fuel Safety System in Rear End Crash 

Fuel safety system of high-pressure hydrogen 

tank in rear end crash consists of three 

overlapping protective systems: protection 

provided by the vehicle structure, the strength of 

the high-pressure hydrogen tank itself, and the 

hydrogen fuel shutoff system. The design of the 

Clarity FCV represents a completely new vehicle 

V = 26kph 

Steel pole 

front 

right 
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design. As such, we designed the vehicle’s rear 

frame to be straight and to provide more efficient 

energy absorption and less intrusion during a rear 

crash. We also surrounds the high-pressure 

hydrogen fuel tank with rear frame and strong sub 

frame, and  makes less inputs to tank resulting 

from the rear crash. (Photograph 6) 

 

 

 

 

 

 

Photograph6. Structure surround 

high-pressure hydrogen tank 

 

Besides the protective strength of the vehicle 

structure and rear sub-frame, we designed a 

high-strength high-pressure hydrogen tank to 

resist forces from various real world crash 

situations. In addition, we designed the fuel 

shutoff system to function in rear crashes. When a 

serious crash occurs, the main valve of 

high-pressure hydrogen tank is automatically 

closed.  

 

Strategy of the Fuel Safety Systems of the 

High-pressure Hydrogen Tank 

Clarity FCV establishes fuel safety performance 

through the protection provided by the vehicle 

structure and the strength of the high-pressure 

hydrogen tank itself. This is the same strategy 

used in conventional gasoline-fueled vehicles and 

hybrid vehicles except for the increased higher 

strength of the tank carrying the hydrogen fuel to 

resist forces resulting from the rear crash. In 

development of Clarity FCV, we designed for fuel 

safety performance during a ‘Rear Car to Car’ 

crash which actual vehicle collides into the rear of 

the Clarity FCV, in addition to regulation crash 

tests of each country and crash tests by third 

party organizations. 

In the next section, we provide an overview of 

the ‘Rear Car to Car’ crash test procedure. 

 

Overview of ‘Rear Car to Car’ Crash 

Crash test conditions of the ‘Rear Car to Car’ 

crash – target vehicle weight, crash speed, and 

offset position are same as FMVSS 301R.  

(Figure 4, Figure 5) 

 

Figure4. Configuration of ‘Rear Car to Car’ 

crash test 

 

Figure5. Configuration of FMVSS301 crash test 

 

The characteristic of reaction force of crash 

surface was different between the Moving 

Deformable Barrier(MDB) used in FMVSS 301R 

and actual vehicles, so forces on the high-pressure 

Hydrogen tank 

Rear sub frame Rear frame 

front 

left 
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hydrogen tank of Clarity FCV would be different 

than those seen in real crashes. 

Since crash surface of MDB is honeycomb made 

from aluminum, it tends to disperse the impact 

force of the crash. Whereas an actual vehicle has a 

non-uniform body structure, so impact forces 

changes with locations along the crash surface. 

Since there is the difference discussed above, in 

development of the Clarity FCV, we considered 

investigation of ‘Rear Car to Car’ crash in 

addition to FMVSS 301R, 

 

RR Car to Car’ Crash Test  

Now we will describe crash test condition and test 

result of ‘Rear Car to Car’ crash that we 

conducted in the development of the Clarity FCV. 

 

Crash test condition In the ‘Rear Car to Car’ 

crash, the bullet vehicle was selected from 

perspective of maximizing the bullet vehicle side 

frame impact forces into the high-pressure 

hydrogen tank. Since inputs to high-pressure 

hydrogen tank would increase if side frame is 

long and firm, a heavy vehicle with such a 

characteristics were desired. Moreover, we chose 

a bullet vehicle from among sedans because their 

side frame height is close to center position of 

high-pressure hydrogen tank of Clarity FCV. 

Based on the criteria discussed, the Legend 

Hybrid was chosen as the bullet vehicle. The 

Legend Hybrid has all the structural 

characteristics desired and is the heaviest sedan 

that Honda produces. (Figure 7) 

 

 

 

 

 

 

 

 

 

Photograph7. Geometry of Clarity FCV 

hydrogen tank and Legend Hybrid side frame 

 

Test result From the ‘Rear Car to Car’ test we 

confirmed no serious damage on high-pressure 

hydrogen tank and no leakage from whole vehicle.  

Moreover, we confirmed that fuel shutoff system 

was also functionally normally. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photograp5.’Rear Car to Car’ crash test 

 

 

 

 

Clarity FCV Legend Hybrid 

front 

up 

Hydrogen tank Side frame 
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front 
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Photograp6. High pressure-hydrogen tank 

after ‘Rear Car to Car’ crash test 

 

CONCLUSION 

 

In this paper, we reported verification of ‘Front 

Center Pole’ crash and ‘Rear Car to Car’ crash 

which represent a part of the extensive 

verification Honda performed to establish the 

crash safety of the Clarity FCV. These two tests 

were selected to represent two real world crash 

types that could pose particular challenges to a 

fuel cell vehicle.  

We verified the ‘Front Center Pole’ crash, because 

there is a tendency for large intrusions into the 

central part of the vehicle, and that characteristics 

is severe condition for Clarity FCV fuel stack 

From the concept of the ‘Front Center Pole’ crash 

and the actual crash test result, we confirmed that 

the Clarity FCV achieved the safety performance 

goals established for a severe impact conditions to 

the region of the fuel cell stack.  

We verified ‘Rear Car to Car’ crash, because 

impact forces to the high-pressure hydrogen tank 

are different between MDB and actual vehicle. 

From the concept of the ‘Rear Car to Car’ crash 

and the actual crash test result, we confirmed 

Clarity FCV achieved the safety performance 

goals established for a severe impact conditions to 

the region of the high-pressure hydrogen tank. 
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ABSTRACT 

In V2V-AEB (Vehicle to Vehicle Communication-Autonomous Emergency Braking) system, information 
detected by the onboard sensor of a vehicle is shared over the V2V network. So that all vehicles can use the 
shared information to prevent potential collisions. In V2V-AEB system, a major issue to be resolved is the 
message explosion, which results in message delay in the V2V network. For example, if there are m vehicles 
in a scenario and each vehicle detects n objects, and they generate one message for each detected object. Then, 
there will be m× n messages in the scenario. This may lead to communication overload, which results in 
communication delay due to packet collision and processing delay as each vehicle will be required to process  
m × n messages and processing these many messages requires time. In this paper, we try to answer a question: 
how to reduce the communication delay and the message processing delay in the V2V-AEB network. This 
paper provides various method to reduce communication delay and message processing delay in V2V-AEB 
system. The proposed method prevents sending messages related to the pedestrian who is not likely to cause a 
collision (like the pedestrian who are walking on the sidewalk or who are standing off the road). The other 
method is grouping the pedestrians with similar features in one message, thus reducing the number of 
messages in the system, which results in the decrease of the communication and message processing delay. 
The paper also discusses a method to prevent jamming of the network.
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INTRODUCTION  

According to World Health Organization, the lives of 
approximately 1.27 million people are cut short every 
year as a result of a road traffic crash. Half of 1.27 
million people die in road traffic crashes are 
pedestrians, motorcyclists, and bicyclists [1]. TASI 
(Transportation Active Safety Institute) at IUPUI 
(Indiana university-Purdue University Indianapolis) 
focus on research to reduce the accidents and make 
road safer. One project is to combine V2V network 
with AEB system to reduce the accidents. 

In V2V (vehicle to vehicle communication) systems, 
vehicles communicate with each other over a wireless 
network. A common protocol used for V2V wireless 
network is Discrete Short Range Communication 
(DSRC) [2]. Each vehicle in the V2V system acts as 
a communication node. A node exchanges data about 
its location, speed, and movement with other nodes 
and make a decision based on received information 
accordingly. Traditional V2V message protocol has 
some limitations. They only broadcast about the 
information within the system [2]. So the safety is 
limited to vehicles in the V2V network. The current 
V2V system does not share the information about: 
what is happening in the surrounding of a vehicle. 
Whereas AEB (Autonomous Emergency Braking) 
system uses its onboard sensors such as radar, 
LIDAR, camera, infrared, etc. to detect a potential 
collis ion and alert the driver [3]. Its limitation is that 
it requires clear line-of-sight to detect what is in the 
surrounding and it only benefits the safety of AEB 
installed vehicles. Our idea is to integrate the 
complementary capabilities of V2V and AEB system 
to overcome their individual limitations. V2V-AEB is 
a part of cooperative driving research to reduce 
accidents in the context of autonomous driving, 
where the information detected by the AEB system of 
the car and its own speed, location, and movement is 
shared over V2V network so that other vehicles can 
use the shared AEB sensing information to prevent 
potential collisions. 

In vehicle to vehicle communication-Autonomous 
emergency breaking system (V2V-AEB), vehicles 
exchange data about the objects detected by its 
onboard sensor and its own location, speed and 
movement with other nearby vehicles. The object 
information detected by a vehicle and the information 
received through V2V network is processed by every 
vehicle. If there is an imminent crash and if the driver 
does not make appropriate braking action, the AEB 
system alerts the driver and/or applies the brake 
automatically to avoid/mitigate collison. 

  
To make the V2V-AEB system more effective certain 
issues need to be resolved[4]. One of the key issues is 
minimizing the messages shared over V2V-AEB 
network. If  there are n vehicles and m pedestrians in 
a busy road, and each vehicle is V2V-PCS enabled 
and is able to detect the vehicles and pedestrians, 
each vehicle can have at most the information of  
m+(n-1) objects. If each vehicle broadcasts a 
messages for each detected object, each vehicle will 
receive (m+n-1)×(n) messages. As n and m increases,  
the number of message will be difficult to process in 
reasonable time. Since it is possible that many of 
these objects do not cause collition threat,  it is 
important to send only  messages related to the 
objects presenting a potential collision. In this paper 
we present some methods to reduce the amount of 
messages in the system. 

The order of this paper is as follows. We first 
describe the basic architecture of V2V-AEB system. 
Then we will formulate methods to reduce the 
messages containing information about pedestrian. 
The third part is to describe how to prevent jamming 
of network. Then we describe the method for 
reducing the number of messages about the 
information of vehicles detected by V2V-AEB. 

V2V-AEB SYSTEM 

In V2V communication, vehicles broadcast 
information about their speed, location, direction of 
travel and make safety decision based on the received 
information. The AEB system uses onboard sensors 
to detect potential crashes, and alerts the driver or 
applies automatic brake if the driver does not take 
necessary action. The idea is to integrate the 
complementary capabilities of V2V and AEB system 
to allow the information of objects sensed by the 
onboard sensors to be shared in the V2V network [2].  

The overview of V2V-AEB system implemented on 
each vehicle is described by the block diagram in 
Figure 1. For better understanding of the system, we 
divide the system in two parts: the sender side and 
receiver side. 
 
Sender side: The AEB system gets the input from 
the camera sensor and the radar sensor, which is 
processed by AEB system of the car. If there is any 
object (vehicle, pedestrian, and bicyclist) in the 
system and the AEB senses the object, it sends its 
information to the next block where the information 
is converted in the global coordinates from the local 
coordinates of the respective vehicle. Then the 
information of the object is formulated in the 
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message format along with vehicle state, these 
message is then broadcast over V2V network. 
Receiver side: The messages (V2V-AEB) received 
by a vehicle are processed. Information in different 
messages may be merged as different vehicles may 
send same object information. The vehicle then 
convert the merged information in its local coordinate 
system. Then the object information is further 
merged with the information of objects detected by 
vehicle’s own AEB system. The objects are tracked 
in real-time and time to collision of the object with 
respect to the vehicle is calculated in order to make 
safety related action. 
 

 
 
Figure 1.  The architecture of the V2V-AEB 
system. 
 
We have created the V2V-AEB system simulation 
using PreScan [5] and MATLAB Simulink. The 
following example simulation scenario has 3 vehicles 
and 2 pedestrians (See Figure 2). The speed of the 
vehicle is 14m/s, the maximum deceleration of the 
vehicle is 12m/s2, the speed of two pedestrian are 
1.2m/s and 1.5m/s, respectively.   
 

 
  
Figure 2. V2V-PAEB test scenario 

OPTIMIZING PEDESTRIAN 
INFORMATION  

The vehicle may send the information of all objects it 
detects.  However some pedestrian are just standing 
and there may not be potential collision. So it’s 
necessary to segregate the information about those 
pedestrian who can cause potential collision and who 
does not. The solution to this problem is that vehicle 
only sends the information about those pedestrians 
that can be harmed by the vehicle. So for minimizing 
the V2V messages about pedestrians it is necessary to 
decide which pedestrian information should be 
sent. 

The pedestrian walking on the sidewalk can be 
removed from the V2V message, as we assume the 
vehicle will not go on the sidewalk. This will 
considerably decrease the amount of V2V 
messages without sabotaging the safety of 
pedestrian. However, if a pedestrian is moving 
towards the road, the vehicle should send the 
information about this pedestrian as it might cause 
safety issue. 

Bifurcating the pedestrian using GPS 
coordinates: Assume that vehicles can get 
accurate GPS information and road boundary 
information through on board sensors, the location 
and boundary of a road can be found out via 
combining them with google maps. If the position 
of the pedestrian or other objects is not on the 
road, then the car can neglect that object. As in the 
near future, GPS will be more accurate to 
centimeter range[6]. It can be seen from Figure 3 
that Google maps can be used to determine the 
boundaries of roads. So this information about the 
road can be used to see if the pedestrian is on the 
road or not. 

 

 
 
Figure 3. GPS Location of road boundary from 
Google map 
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Eliminating objects not likely to cause 
collision 

If a pedestrian is behind a forward moving vehicle on 
a road, sending the information of the pedestrian to 
that vehicle does not help improving the safety 
(See Figure 4). 

 
Figure 4. Sending information of pedestrian in 
front 
 
Therefore, a subject vehicle can neglect sending 
messages of the detected objects if the objects are 
behind the vehicle in front and there is no vehicle 
behind the subject vehicle. However, the question 
is the definition of “no vehicle behind the subject 
vehicle”.  
 
Calculating which pedestrian information to be 
sent: In V2V environment, vehicles share their 
speeds, accelerations, positions, directions over V2V 
network. This information is available with vehicle to 
decide. If a subject vehicle that can detect a 
pedestrian and any vehicle in surrounding area can 
reach a point where pedestrians are crossing the road, 
should broadcast the message with the pedestrian 
information.  
 
Let the pedestrian speed be Vp, the width of the 
road that the pedestrian has to cross be L, 
maximum speed of vehicle in the scenario be Vv 
and maximum acceleration be av. Assuming that 
the acceleration of the pedestrian is 0, the time for 
pedestrian to cross the road ( 	  

   (Equation 1) 

 
The maximum distance, Sv, between the vehicle 
behind the subject vehicle and the road-crossing 
pedestrian detected by the subject vehicle is used to 
determine if the pedestrian message should be 
broadcast or not. Sv can be determined by distance 

formula considering ( (Equation 1) as time 
required by pedestrian to cross a road and maximum 
vehicle speed and acceleration.  

           (Equation 2) 

Where, 
= the speed of vehicle in behind 
= the acceleration speed of vehicle in behind 

If a pedestrian is crossing the road, and there is a 
vehicle behind the subject vehicle that detected the 
pedestrian, and the vehicle behind is at less than a 
distance of  to the detected pedestrian (Equation 
2), then the subject vehicle should send the pedestrian 
information to the V2V network. 
 
However, if there are many pedestrians and 
vehicles in the system, the CPU time to process all 
the information will be large. To tackle this 
problem, we can select one extreme case such as 
the pedestrian with minimum speed, the maximum 
value of  and	 .  

  

Figure 5.  Flow chart to determine which 
pedestrian information should be sent 
 
Example 1.  
A pedestrian is crossing a 4 lane road at a speed 1.2 
m/sec. The width of each lane is 3.7 m. The 
maximum velocity among all the vehicles behind the 
subject vehicle is 80km/hr (22.22 m/s) and the 
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maximum acceleration among all the vehicles be 
2m/s2 
Thus, from Equation 3 

2  

=	3.7 4 .. 	 . .  

= 426.15 meter 

So, if a vehicle finds any other vehicle in the range 
of 426.15 meter in V2V network it can broadcast 
the information about the pedestrian. 
 
Grouping of pedestrian 
 
In V2V-AEB, each vehicle sends the information 
about the pedestrians they have detected along 
with their own vehicle information. Consider a 
scenario of m V2V-AEB enabled vehicles and n 
pedestrians at a road intersection. If each vehicle 
can detect all pedestrians and broadcast them to the 
V2V network, then each vehicle will receive m × n 
messages. The receiver vehicle has to process all 
this messages to make a safety decision. To reduce 
the number of messages we propose a method to 
cluster the pedestrian information in groups before 
sending them. Thus reducing the processing time 
of the vehicle on receiver side and the 
communication delay due to packet collision in 
VANET. 
For clustering these pedestrians we should 
guarantee that safety is not compromised. 
Pedestrians having similar information can be 
grouped as one pedestrian such that all pedestrians 
stay in one group until the time they cross the road 
safely so that they can be considered as one entity. 
 
Working of the system: To group the pedestrian, 
we use a clustering method. If the distances 
between two pedestrians is less than a predefined 
threshold a and their speed difference is less than 
b, they are grouped in one cluster and the 
pedestrian information is sent as a single 
pedestrian with the speed of minimum one which 
ensure us all the pedestrian will cross the road 
safely and as one entity. The value of a and b are 
selected such that pedestrian will remain in the 
same group until they cross the street safely. 
 
When a pedestrian is detected, we calculate its 
distance from the detecting vehicle and thus 
evaluate its position in x-y plane before converting 
it into GPS coordinate as shown below.  
 

 
Figure 6.  Pedestrian detection by the vehicle  
 
After calculating the x, y coordinate, velocity and 
direction of pedestrian the information is put in 
matrix form.  
 

Table1: Matrix for pedestrian information  
 

Ped Location 
(x) 

Location 
(y) 

Velocity Direc-
tion 

1 x1 y1 v1 D1 

2 x2 y2 v2 D2 

3 x3 y3 v3 D2 

4 x4 y4 v4 D1 

5 x5 y5 V5 D2 

 
To send the information of pedestrians as a group, 
the pedestrians are arranged in ascending order as 
per their positions in the y-axis. The first 
pedestrian is selected from the list and made as a 
hub. Then the pedestrians are selected and formed 
as a group whose distance from the hub is less than 
or equal to threshold a, difference between their 
speeds is less than the threshold b and they are 
moving to the same direction. Similarly, all the 
groups are created. The grouped pedestrian is 
broadcast as the single entity with the average 
location of the pedestrians in the hub and the 
lowest velocity among all the pedestrians in the 
hub. Before broadcasting the information, the 
location is converted in the form of GPS 
coordinates. 
 

As the pedestrian are arranged in ascending order 
of their y location, when we discover the distance 
of a pedestrian to other pedestrian in the same hub 
is greater than a, a new hub is created to other 
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pedestrians. This process iterates until all 
pedestrians are grouped.  

Algorithm 
 
Step1 Differentiate pedestrian as per their directions 
of crossing the road (here we consider 2 directions 
whether pedestrians are moving from left to right  or 
from right to left with respect to the vehicle. Other 
pedestrians who are not in these two categories are 
not grouped. 
 
Step 2 Arrange pedestrian in increasing order of their 
location in y axis. 
 
Step 3 Select pedestrian 1 from the array and make it 
as a  hub of a group. The current group number m is 
1. 
 
Step 4 
For pedestrians i= 2 to total number of pedestrians in     
the same moving direction of crossing the road 
{ Already exist=0; // assigning variable to check the 
condition; 
Calculate the distance of pedestrian i to the hub of 
group m  

Calculate speed difference of pedestrian i and that 
of the hub if group m. 

          
     If (distance > a or difference of speed > b) 
      {      j=m,  
             while( j ≥1) 
              {        Calculate distance of pedestrian i                                              
                      to hub of group j  
                      Calculate the speed difference of                        
                      Pedestrian i with hub of group j 
                                If ((distance ≤ a) and (speed ≤ b)) 
            Already exist=1 

j=j-1 
                                else  
                                       j=j-1 
                                end  
                   }  
                    If   ( Already exist == 0) 
                    {    m=m+1; 

           make pedestrian i as a hub of group 
m. 
      } 

          }                                      
} //end of for loop 
 
Repeat step 4 for the other direction 
 
Step5: Broadcast the hub information of all groups 
over the V2V network 
 

//the pedestrians are grouped as soon as they are 
detected by vehicles AEB system 
 
Figure 7 shows the output for grouping of 24 
pedestrians.  

 
 

Figure. 7 Grouping of pedestrian using MATLAB 
(blue dots indicate the hub) 

The sender side needs to process the 24 pedestrian 
in order to form groups and convert the location of 
the hub of groups to GPS coordinates. The 24 
pedestrians were grouped into 8 groups by the 
algorithm. Suppose these 24 pedestrian and 20 cars 
are on the road, by using the grouping algorithm, 
we can reduce the number of messages from 480 to 
160. Thus on the receiver side instead of 
processing 480 messages it just has to process this 
160 messages. Each blue dot indicates one hub 
whose information is broadcast through the V2V 
network.  
 
Example 2. 
The example in Figure 8 shows how the 10 
pedestrians are grouped using the proposed 
algorithm. Figure 8 represents the data array 
(dashed box) of the pedestrians.  Xs represent the 
pedestrian by parameter (x, y, and v), where x is 
his location in x-axis, y in y-axis, and v is its 
speed. The pedestrians are arranged in ascending 
order, according to their locations in y-axis in an 
array.  
 
After arranging the pedestrians, group is greedily 
selected in multiple iterations. The pedestrians whose 
location difference are less than or equal to 1 meter 
and the magnitude of difference between speed is less 
than equal to 0.1m/s is included in a group of the 
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respective hub as described below. A group is 
defined starting from a pedestrian we call it a hub.  
 

 
 

 
Figure.8 groping of pedestrian example 
 
Iteration 1: The first element of the array is created 
as a hub (showing in red color and in a box with 
solid line.) of group 1. The box with solid line 
represents the hub of the group 1. The pedestrians 
in group 1 are selected, whose distance  to the hub 
is less than or equal to 1 meter and difference of 
speed is less than or equal to 0.1m/s with respect to 
the hub. Yellow X denotes that 2nd and 3rd 
pedestrians are selected pedestrians. As we see that 
the distance from the 4th pedestrian from the hub is 

1.14 meter which is greater than 1 meter, thus it is 
not included in group 1. 
 
Iteration 2: The 4th pedestrian is selected as the 
hub of group 2. Pedestrians 5 and 7 are selected to 
form a group as explained in iteration 1. Pedestrian 
6 does not belong to group 2 since its velocity 
difference from the hub is |0.2|m/s which is greater 
than 0.1m/s limit. 
  
Iteration 3: Pedestrian 6 is selected as the hub og 
group 3. Pedestrians 8 and 9 belongs to group 3 as 
they satisfy the group conditions as described in 
iteration 1. 
 
Iteration 4: The 10th pedestrian is the hub of group 
4. Since there is no other pedestrians, it forms its 
own group.  
 
The iteration stops when all pedestrian are 
grouped. The information of all hubs are sent over 
V2V-AEB network.   
 
JAMMING OF NETWORK 

Preventing from sending messages while 
jamming of network  
There might be cases when there are many 
pedestrians on the road. For example, around 
14,000 pedestrian walk in one hour near west 34th 
street as per 2015 studies [7]. Also, according to 
reports [7], there were as many as 55 pedestrian 
fatalities. If all the information is shared over the 
V2V network, it will cause network overload, 
leading to large number of packet collision, 
communication delay, and message processing 
delay. Thus, if there are too many pedestrians in 
the environment, the best option will be preventing 
vehicle to send pedestrian messages (except in 
critical emergency conditions such as medical 
emergency condition) over V2V network, in order 
to prevent congestion of network.  
Therefore, the question arises what is the 
maximum number of pedestrians detected that 
vehicle should stop sending pedestrian messages. 
However, it will not be appropriate to select based 
on the number of pedestrians, because it might be 
possible that just one vehicle is able to detect all 
pedestrians, whereas the pedestrians are not in the 
line of sight of other vehicles. In this case, 
information from the vehicle who can detect all the 
pedestrians is very important. So instead of 
determining by the number of pedestrian we use 
the time delay in the network to decide whether a 
vehicle should broadcast message of observed 
objects or not. When the network is congested and 
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the time delay in the system is such that no safety 
decision can be made in time to benefit safety by 
using received information through V2V network, 
the vehicle can stop sending messages of observed 
objects. 
 
That is											 	 ,  

Such that,               
Where, 	 	 	  

       Maximum delay ( ): the threshold time 
delay   above which the AEB system cannot 
avoid collision.  

ttc = time to collision i.e. time when the car will 
collide with the object. 
ttb = threshold time for braking, i.e. minimum 
time required by the vehicle to stop the car. 

 
Therefore, the vehicle can stop sending messages 
when the time delay in the system is above 
maximum delay and will continue sending 
message only when delay of the system becomes 
lower than the maximum delay. The proposed 
method can be implemented as shown below (see 
Figure 9). 
 

 
 
Figure 9. Sending information of pedestrian in 
front. 
 
The received message from V2V-AEB message 
has the information about when the message is 
generated. The time stamp from the received 
message is compared with the current time to 
calculate the delay in receiving message. If the 
calculated delay is found above maximum delay, 
the vehicle does not construct the V2V message to 
broadcast the object detected by its onboard sensor 
over V2V network. Where, maximum delay is the 
threshold time delay above which the AEB system 
cannot avoid collision i.e., when time to collision 

to an object is greater than threshold time for 
braking (i.e., minimum time required by vehicle to 
stop) as it can be seen from Figure 9. 

OPTIMIZING VEHICLE INFORMATION 

In V2V-AEB system, the car sends the information 
about the pedestrian and vehicle that it detects 
through its onboard sensor. It is important to decide if 
sensed information about the vehicle should be sent. 
If the sensed vehicle is in the V2V network, the 
location and the speed of the sensed vehicle is 
already shared in the network. Then it is not 
beneficial for another vehicle to send the same but 
less accurate sensed vehicle information to the 
network again.   

How to decide which vehicles are in V2V 
network? There can be various ways to identify if a 
vehicle is in the V2V network. One way is to make 
the car capable with V2V communication can bear 
some logo so that other vehicles can neglect 
processing those vehicles information and not 
sending it in the V2V network. The other way can be 
that vehicle can compare the information from AEB 
system and those received from V2V network. If the 
two vehicles have almost the same information, it can 
restrain itself from broadcasting those information in 
V2V network. As GPS has some error we cannot get 
the exact location of the vehicle. But we can find the 
similar data having similar location, speed and 
direction. However, in this case as the vehicles have 
to process the information it will take computation 
time. 

CONCLUSIONS 

The proposed system helps to reduce 
communication delay and processing delay in the 
system by reducing number of message in the 
V2V-AEB network. Thus, it increases the chance 
that V2V-AEB system makes decision on time. 
Using the method of elimination, information 
about some pedestrians are not sent if they are not 
on the road or there is no vehicle in the range to 
cause potential collision. Further, the proposed 
method of grouping is tested in a simulation with 
24 pedestrians which were grouped in 8 
groups.The grouping of pedestrian help us to 
reduce the number of messages in V2V-AEB 
system thus reducing communication deal, packet 
collision and processing delay or senders side. We 
also discussed method to prevent V2V network 
jamming, by monitoring delay in the network. 
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ABSTRACT 

Impact bag inflators contain energetic components that have finite lives as either a function of age or 
environment, or a combination of both. Because of their application these inflators are required to operate safely 
and at very high levels of reliability, in many cases after significant periods of storage and installation, and often 
in less than benign environments. Historically, there has been limited data available that provided assurance of 
the ongoing technical integrity of inflators through life leading to, at best, the tacit acceptance of higher levels of 
risk associated with the continued operation of these items. At worst, there is the possibility of unsafe operation 
of inflators. 

This paper proposes an ongoing program that builds on existing initial design certification and production 
acceptance test activities by conducting performance monitoring activities (termed surveillance activities) on 
items that have experienced both typical and more severe environments over their expected design life. This 
program has its basis in Configuration Management (CM), which provides a sound engineering framework for 
determining the safety status and performance of inflators. The program mitigates many of the asset management 
risks, is cost effective, easily targeted at inflators that have experienced more extreme environments and, as a 
continuous operation, provides ongoing confidence in the safety and performance of inflators. 

INTRODUCTION 

Impact bag inflators contain energetic components 
that have finite lives as either a function of age or 
environment, or a combination of both. Because of 
their application these inflators are required to 
operate safely and at very high levels of reliability, 
in many cases after significant periods of storage 
and installation, and often in less than benign 
environments. Being one-shot or single use devices 
these items cannot be tested and, if found 
serviceable, reinstalled into the vehicle safety 
system.  

Historically, there has been limited data available 
that provided assurance to manufacturers (that is, 
the Original Equipment Manufacturer (OEM)), 
higher assembly vehicle manufacturers (or vehicle 
OEMs) and regulating authorities of the ongoing 
technical integrity of inflators through-life leading 
to, at best, the tacit acceptance of higher levels of 
risk associated with the continued operation of 
these items. At worst, the degradation of these 
energetic components can have, and has been 
shown to have, catastrophic effects on performance 
[1]. 

One mitigation strategy to prevent the use of 
unacceptably degraded inflators, the associated loss 
of confidence in the technical integrity of inflators 
generally, and the significant costs associated with 

vehicle recall activities, is to adopt a rigorous 
configuration management strategy that includes, 
among other aspects, an audit program whose 
results provide necessary assurance to OEMs and 
regulating authorities of the ongoing safety and 
performance of inflators. Such a program is, 
typically, part of a larger multi-stage test program. 

OBJECTIVE 

This paper provides background on the requirement 
for through-life monitoring of the performance of 
inflators, the engineering framework within which 
such monitoring could occur, and an outline of the 
type of activities that should be considered as part 
of a safety and performance monitoring program. 

Specifically, this paper will: 

a. discuss the characteristics of inflators which, 
because of their design, require specific 
asset management strategies, including 
performance monitoring; 

b. define the term technical integrity; 

c. explain the elements and advantages of 
adopting a configuration management 
framework to assure the technical integrity 
of inflators; and 
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d. outline an audit program for inflators. 

Note that this paper is not a review of USCAR24-2 
Inflator Technical Requirements and Validation [2], 
and assumes that the standard adequately addresses 
initial design certification and production 
acceptance requirements for inflators. 

CHARACTERISTICS OF INFLATORS 

Impact bag inflators contain energetic materials 
which have been found to degrade with both time 
and as a function of the environment to which the 
item is exposed [1]. Consequently, these items have 
a finite life (currently 15 years [2]1) during which 
their performance would be expected to meet the 
requirements of the item’s Function and 
Performance Specification (FPS)2. 

Because these items contain energetic materials and 
are required to operate in a Safety Critical System 
(SCS)3, the items have a number of common 
characteristics that distinguish them from nearly all 
other vehicle safety components. That is, the items: 

a. in most cases, are never required to operate 
and hence may only be replaced during 
scheduled maintenance activities or removed 
from the vehicle at the end of the vehicle’s 
life; 

b. are not repairable; 

c. may be stored for long periods of time prior 
to installation in the vehicle; 

d. may be installed for long periods of time 
within the vehicle, potentially experiencing 
extremes of environments; 

e. are not subjected to any maintenance 
activity; 

f. if they are required to operate, and because 
of the criticality of SCSs, the FPS requires 
the items to have very high levels of 
reliability;  

g. in many cases, have limited performance 
data (that is, against FPS requirements) 
following installation into vehicles and 

                                                 
1 Requirement (para) 3.1.1 
2 An FPS defines a validated set of requirements for a 
capability system in terms of functions and needs without 
reference to a specific solution.  
3 A SCS can be defined as a ‘system whose failure could 
result in loss of life, significant property damage, or 
damage to the environment’ [14]. 

subsequent exposure to operating 
environments; and 

h. unlike most other items of mechanical or 
electronic equipment, cannot be tested at any 
point in time and, if found to be serviceable, 
reinstalled for a further period of service. 

Each of the above characteristics would, in 
isolation, provide logistics and engineering 
challenges for any asset management system. 
Collectively, these characteristics demand 
specialised asset management techniques to ensure 
the safe and effective operation of the inflators 
throughout their life. 

TECHNICAL INTEGRITY 

Technical integrity can be defined as an item’s: 

a. suitability for service, which is the item’s 
ability to satisfy the requirements of its FPS 
within a defined environment when operated 
or used as intended; 

b. design safety, which is freedom from those 
conditions during storage, transport and 
operation that can cause death, injury, or 
occupational illness; and 

c. compliance with regulations for 
environmental protection; that is, where the 
item poses no hazard to the environment [3]. 

Importantly, the status of an item’s technical 
integrity is the basis for deciding the item’s 
sustainability for, and confidence in, continued use.  

In confirming an item’s technical integrity, it is 
assumed that the item has been designed, 
constructed and maintained to approved standards 
by competent and authorised individuals (the 
manufacturer’s responsibility), who are acting as 
members of an approved organisation (the 
manufacturer’s organisation), and whose work is 
certified as correct and accepted on behalf of the 
operating organisation (in this case, the higher 
assembly vehicle OEM).  

To assure the technical integrity of any item there 
should be adequate provision by way of reviews 
and audits, to ensure the design intent is unimpaired 
in any way that could cause undue risk or harm to 
people or damage to the environment [4]. 
Additionally, Bale et al. (2010) quotes a BP 
document that states that the technical integrity will 
only be maintained by … the application of 
operational integrity assurance systems [4].  Rahim 
et al. (2010) recognise that the effective 
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management of technical integrity leads to reduced 
risk exposure [5].  

Technical Integrity Through-Life. To adequately 
reduce risk and ensure the required capability, the 
technical integrity of an item must be maintained 
throughout all phases of its defined life-cycle, 
which will include storage, transport, installation, 
operation and disposal. Consequently, in the case of 
inflators, the requirement is that the inflators are: 

a. safe to store and transport, 

b. safe to remain installed in a vehicle, and 

c. operate safely when required to the limits of 
their FPS, 

all within a defined environment, termed the 
Manufacturer to End Use Environment (MEUE). 
Additionally, inflators must be safe to be disposed 
of at the end of the life cycle. Consequently, any 
reviews and audits that are established need to 
confirm the technical integrity of an item within 
these bounds. 

CONFIGURATION MANAGEMENT TO 
ASSURE TECHNICAL INTEGRITY 

Background. The requirement for the 
establishment and maintenance of technical 
integrity typically sits within an engineering and 
asset management system. Such systems commonly 
use configuration management (CM) as part of their 
approach to the establishment and maintenance of 
technical integrity. CM was developed and adopted 
within the aerospace industry and by the US 
Department of Defense in the late 1960s and 1970s, 
later resulting in a number of military specifications 
such as MIL-STD-972 (now superseded), and the 
current international industry standard ANSI/EIA-
649B [6]. ANSI/EIA-649B defines CM as ‘a 
management process for establishing and 
maintaining consistency of a product’s 
performance, functional, and physical attributes 
with its requirements, design and operational 
information throughout its life’. Rather than being 
aerospace or defence industry specific, this standard 
now provides a general industry view of CM by 
documenting and explaining its essential principles 
independent of specific industry practices [7]. 
Importantly, CM is now being recognised by some 
vehicle OEMs as an essential part of an engineering 
management system, particularly as they adopt a 
functional approach to systems engineering rather 
than a component based approach [8].  

Role of Configuration Management. CM can be 
seen as a technical discipline applied to manage the 
evolving design of items and, in general terms, can 

include items of equipment and associated 
software, support and test equipment, and 
documentation. It is also widely recognised that 
CM plays a vital part in a product’s life cycle to 
provide visibility and control on levels of 
performance and status [9]. Similarly, CM can have 
a central role in the establishment and maintenance 
of technical integrity of vehicle components 
including inflators. 

CM Activities. In general terms, CM is made up of 
four activities which involve: 

a. identifying and recording the physical and 
functional characteristics of items;  

b. controlling design changes to those items, 
usually within an engineering design change 
management system; 

c. recording the status of the configuration of 
those items, including the documentation 
and data that describes those items; and 

d. regularly auditing and verifying physical 
characteristics against design documents, 
and the functional performance of the item 
against its FPS, termed configuration 
verification and audit. 

More detailed descriptions of CM activities are 
available in dedicated CM publications, papers and 
standards [6] [10] [11].  

CONFIGURATION VERIFICATION AND 
AUDIT 

Assuming that the design, development and 
management of the design of inflators can occur, or 
is occurring, within a CM or CM-like environment, 
the ongoing maintenance of the technical integrity 
of the inflators can therefore, in part, be achieved 
by the regular audit of functional characteristics of 
the item against its FPS. This is achieved by the 
conduct of physical configuration audits (PCA) 
which, primarily, confirm the build standard of 
inventory items, and functional configuration audits 
(FCA), which confirm the safe and effective 
performance of inventory items against an FPS.  

To assure technical integrity, PCAs and FCAs are 
usually conducted as part of a larger multi-stage test 
and certification program over the item’s lifecycle. 
This larger program typically consists of: 

a. initial design certification activities. These 
test activities are designed to provide the 
initial assurance of technical integrity of the 
design prior to acceptance into service. That 
is, these design acceptance activities 
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demonstrate, via either evidence or 
argument, compliance with the requirements 
of the defined design certification basis; 

b. production acceptance testing, to ensure 
production items are representative of the 
design that was originally certified, and 
would typically include the same testing that 
is to be conducted through-life; 

c. through-life testing (FCA and PCA) to 
assure production items continue to meet 
ongoing technical integrity requirements 
over the item life defined in the FPS; and 

d. end of life assessment of technical integrity, 
to ensure the safety and environmental 
requirements for safe disposal are met. 

Initial design certification and production 
acceptance activities are currently conducted in 
accordance with USCAR24-2 [2] and are an 
integral part of establishing the technical integrity 
of inflators. 

PCA AND FCA FOR INFLATORS 

PCAs and FCAs for energetic items, such as 
inflators, can also be referred to as surveillance 
activities. These activities would include the 
ongoing testing and analysis of representative 
samples of inflators, in statistically significant 
quantities, that have experienced both the typical 
and more extreme operating environments. 
Importantly, these surveillance activities do not 
replicate initial design certification testing. Rather, 
this testing involves the measurement of selected 
performance parameters, termed Critical 
Performance Parameters (CPP), that are based on 
the requirements of the FPS. These CPPs should be 
measured at production acceptance and then at 
defined intervals during the lifecycle of the 
inflators.   

The selection of CPPs, quantity of items to be 
tested and frequency of testing needs to be carefully 
managed to ensure that the items tested are 
representative of the inventory and of the operating 
environments, and provide the required level of 
statistical confidence to support design and 
inventory management decisions. That is, the 
frequency of activities should be such that costs are 
minimised whilst being sufficiently frequent to 
enable trends in CPP performance to be recognised 
early. Consequently, the extent of the PCA/FCA 
surveillance activities to be conducted needs to be 
sufficient to provide the evidence and/or argument 
that is required to show ongoing compliance against 
the design requirements and FPS, though should be 

proportional to the risk to technical integrity posed 
by non-compliance.  

Irrespective, the program is likely to be of minimal 
cost compared to the potential costs of recall 
programs and/or litigation. 

Importantly, these surveillance activities, conducted 
within a CM framework, are consistent with the 
principles of ISO 55000:2014 Asset Management 
and ISO 31000:2009 Risk Management [12] [13]. 

PCA/FCA SURVEILLANCE ACTIVITIES 

A surveillance program for returned inflators4 that 
is cost effective and is likely to provide sufficient 
early warning of deviations from FPS requirements 
may consist of:  

a. visual inspection of test items, including 
checking for indications of potential 
malfunction, and may include inspections 
for general condition, evidence of corrosion 
and/or swelling of the inflator body; 

b. inflator performance test, though noting that 
a time-to-inflation test may be adequate in 
lieu of a full pressure-time test (noting the 
potentially higher cost of the latter); and 

c. structural integrity test (currently conducted 
in accordance with USCAR24-2 and as part 
of the performance test above). 

Depending on the results of these surveillance 
activities dedicated defect investigation programs, 
including subsequent additional testing, may be 
required. 

Quantities for Surveillance. Given the reduced 
numbers of parameters being measured in this 
surveillance program (and therefore reduced cost of 
testing) compared to the number of individual test 
activities required by the USCAR24-2 Design 
Verification (DV)/Production Validation (PV) test 
program, and the large number of items installed in 
vehicles and so available for testing, a surveillance 
program that tests a more than statistically 
significant quantity (that is, more than the 15 test 
items required by USCAR24-2 for DV/PV testing) 
could occur.  

Sampling for Surveillance. Sampling should 
consist of both probabilistic as well as non-
probabilistic sampling, the latter being useful to 

                                                 
4 These returned inflators, having already experienced the 
operating environment (or MEUE), would not be 
conditioned prior to testing.  
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identify, for example, fleet leaders in terms of both 
age and exposure to extreme environments. 
Specialist statistical advice on statistically 
significant sample sizes is typically available from 
within vehicle OEMs and/or regulators, noting the 
extant USCAR24-2 requirement for item reliability. 
Given the criticality of these items and the likely 
minimal cost of proposed surveillance testing, 
vehicle OEMs and/or regulators may wish to 
consider increasing the reliability and confidence 
limit requirements of USCAR24-2. 

Production Lot v. Design Based Lifing. The 
numbers of items required for testing will also 
depend on the basis that has been assumed for 
variations in performance due to production. That 
is, if there is significant performance differences 
between manufactured lots (identified during 
production acceptance test activities) then a 
surveillance strategy based on production lots, 
requiring testing of returned items from all 
production lots having experienced all 
environments, would be required. Alternatively, if 
there is an ongoing acceptably small variation in 
performance between production lots, and those 
variations are not likely to be exacerbated following 
natural ageing and exposure to the operating 
environment, then a design based approach to 
surveillance (that is, an assumption is made that all 
lots are homogeneous in performance against the 
FPS) will significantly reduce quantities required 
for testing. Irrespective, items selected for 
surveillance, in addition to samples from more 
benign operating environments, should include 
those that are more likely to have experienced 
environments that have been shown to generate 
failure modes (that is, thermal cycling, high 
humidity etc.). 

Other Surveillance Considerations. Given the 
design characteristics of these components (that is, 
single shot, energetic material, SCS etc.), there are 
a number of additional considerations when 
conducting these surveillance activities. These 
include: 

a. the type of statistical distribution appropriate 
for this data. In many cases the performance 
of energetic components has been assumed 
to follow a normal distribution. For these 
components consideration of a Weibull 
distribution for performance may be more 
appropriate; and 

b. the effect of censored data, and particularly 
left censored data, on trend analysis and 
reliability calculations. 

SURVEILLANCE PROGRAM SUMMARY 

The proposed approach for the through-life 
assurance of the technical integrity of inflators: 

a. has a sound engineering basis, being based 
on the requirements of a CM system; 

b. is cost effective, given that surveillance 
requires the testing of only a limited number 
of CPPs, reducing program costs; 

c. ensures the testing of items that have 
experienced more extreme environments 
considered to be major causes for item 
failure; 

d. is in constant operation, allowing trends in 
performance to be identified with the 
subsequent timely implementation of 
appropriate risk mitigation strategies; and 

e. is likely to identify changes in safe operation 
and/or performance of inflators due to: 

(1) changes in configuration, perhaps 
caused by a sub-contractor making 
changes to production processes 
and/or materials;  

(2) changes in operating environments; 

(3) changes in maintenance policies 
(such as the requirement to replace 
airbags more frequently in some 
jurisdictions); and 

(4) the acceptance of production permits5 
and/or deviations6 by the item OEM 
or OEM sub-contractors. 

The data generated by the surveillance can be used 
to: 

a. quantify the effect of environments on the 
design of inflators, 

                                                 
5 A production permit can be defined as a variation from 
item specification or configuration agreed to before 
production and, within a CM system, results in an item 
termed the Build Standard (that is, a Product Baseline 
plus an approved Engineering Change Proposal (ECP)).  
6 A production deviation can be defined as a variation 
from item specification or configuration agreed to after 
production and, within a CM system, results in an item 
termed the Approved Build State (that is, the Build 
Standard plus an approved Request For Variation (RFV)). 
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b. quantify the design reliability of inflators at 
any stage of their design life to statistically 
acceptable levels,  

c. estimate the remaining useful life of 
installed airbags given an intended or known 
environmental exposure profile, 

d. mitigate the risk associated with expensive 
vehicle component recalls, and 

e. assure the through-life technical integrity of 
inflators and, consequently, public safety. 

CONCLUSION 

This paper presents a strategy for the ongoing 
assurance of the technical integrity of impact bag 
inflators. The results of the surveillance program 
provide assurance to manufacturers, higher 
assembly vehicle manufacturers and regulating 
authorities that inflators remain safe to store, 
transport, and remain installed in that vehicle safety 
critical system, and still operate when required to 
the limits of their Function and Performance 
Specification (FPS). This surveillance program has 
its basis in CM, which provides a sound 
engineering framework for determining the safety 
status and performance of inflators. The program 
mitigates many of the asset management risks, is 
cost effective, easily targeted at inflators that have 
experienced more extreme environments and, as a 
continuous operation, provides ongoing confidence 
in the safety and performance of inflators.  

Acronyms 

CM Configuration Management 

CPP Critical Performance Parameter 

FPS Function and Performance Specification 

MEUE Manufacturer to End Use Environment 

OEM  Original Equipment Manufacturer 

SCS Safety Critical System 
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ABSTRACT 
 
Motor vehicle consumer information programs 
promote safety improvements through testing in 
consumer metrics programs (NCAP programs and 
IIHS programs) and by providing information to 
consumers about emerging safety technologies, 
potential benefits the emerging technologies are 
expected to provide, and sometimes lists of 
vehicles that are equipped with the emerging 
technologies. Motor vehicle manufacturers 
leverage such consumer information in product 
promotion through advertising, product 
descriptions and product announcements.  
 
The success of an emerging safety technology as 
perceived by consumers can be assessed in part 
by the extent to which the technology in question 
increases in application over time. Increased 
application rates reflect growing consumer 
adaption, acceptance, or even insistence upon a 
safety feature or performance element in a new 
vehicle purchase. Researchers have previously 
reported upon the installation patterns for various 
emerging safety technologies through 2010. This 
paper extends the analysis through 2016 and adds 
multiple new emerging technologies to the 
analysis, particularly newly emerging crash 
avoidance technologies. The information is useful 
to: safety researchers, regulators, and vehicle 
manufacturers’ safety engineers to plan and 
execute safety technology integration into the 
new vehicle fleet.  

BACKGROUND 

The introduction and applicaton of 28 injury 
mitigation safety technologies were compilied and  
reported upon in 2011 [1]. Surveys of the new 
emerging safety technologies were performed 

tabulating the technology insertion pattern by: 
vehicle manufacturer, brand, model, and model 
year.  The technology application as: not available, 
provided as optional content, or provided as 
standard equipment was also tabulated. The data 
reported assists researchers in determining which 
specific models were offered for sale with an 
emerging safety technology and the proportion of 
models in each model year that are offered with 
that particular technology. 
 
In many technology areas, vehicle manufacturers 
have exceeded specifications for safety equipment 
proscribed in Federal Motor Vehicle Safety 
Standards (FMVSS) and have often implemented 
safety technologies in advance of any rule.  By 
allowing manufacturers to voluntary exceed the 
rule based structure, NHTSA encourages and 
promotes the advancement of motor vehicle 
safety and continuing progress in motor vehicle 
collision injury control science.  The development 
of safety improvements have been developed 
through application of the public health model for 
injury reduction. The model provides a systematic 
approach for identifying and prioritizing 
opportunities for safety needs; research, 
developing, designing and testing the proposed 
technology/countermeasure; aligning application 
and execution in the vehicle development plan 
(VDP); and survey of effectiveness in injury 
reduction after sufficient time in the field.   
 
An indication of the success of the injury 
reduction model can be judged by reviewing fatal 
injury rates over time.  Figure 1 shows the motor 
vehicle collision fatality rate over the period 1966-
2014.  
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METHODOLOGY 
 
The database created for the 2011 analysis [1] was 
expanded upon for this study. The vehicle list was 
increased to include 2013-2015 model year 
vehicles using databases purchased from Ward’s 
Automotive Yearbooks.  The list of brands and 
models was reduced to one model designation 
comprising of all various body styles, powertrain, 
and trim levels. For example there is one 
designated Ford F150 model that includes the 3 
body styles, various drivetrains, powertrains and 
trim levels.  The technologies of interest were 
surveyed and tabulated indicating whether the 
technology was optional content, standard 
equipment, or not available.  If there were 
multiple body styles for one model and the 
feature was standard for one body style but not 
the remaining body styles, the feature was 
characterized as optional equipment.  This 
practice was used for classification of content for 
all of the technologies we surveyed. Exotic, rare, 
and very expensive vehicles were excluded from 
the list of models surveyed; as such vehicle 
models are not mainstream and present a minimal 
market profile in terms of sales volumes. 
 
A comprehensive survey of crash avoidance safety 
technologies of interest and ESC was available 
through the IIHS website [3, 4]. Although the IIHS 
tabulated data down drive train level, it was 
paired down to match the Ward’s model list.  For 
example, if a feature was standard for the four 
wheel drive model but not available for the two 
wheel drive model, the technology was 
considered optional for that model.      
  
Ward’s Automotive Yearbooks provided details of 
available rear-facing backup cameras.   This data 
was used to populated the database for the 
camera feature. 
 
The data tabulated for enhanced head curtain 
airbags with rollover activation, referred to as 
rollover curtains, was tabulated manually from 
various sources.  IIHS does list vehicle safety 
features of the vehicles that are included in their 
ratings database [5] although not all vehicles are 
rated.  In cases were information was not 
available on the IIHS website, manufacture sales 
brochures, owner’s manual and shop manuals 
were consulted.  In some cases the information 
included in those resources was inconclusive and 

not clear if the side curtain airbags were enhanced 
for ejection mitigation and deployed in rollover 
collisions.   
 
Combining the data from these various sources 
allowed for the creation of brand, model, and 
model year technology tables; a typical Table is 
illustrated as Error! Reference source not found..  
Models surveyed are organized by brand and 
manufacturer; and color-coded based on the 
availability of the safety technology.  Model cells 
filled in green are those that have the technology 
as standard equipment.  Model cells filled in white 
are those that do not offer the technology.  Model 
cells filled in yellow are those that offer the 
technology as optional equipment.  If a 
technology was dependent on the buyer’s 
selection of: trim level, option packages, engine or 
drivetrain type, or other factor  at the buyer’s 
discretion, the safety technology was registered as 
“optional”, unless of course the technology was 
not available on the model at all. 
 
Bar charts were also generated to show the year-
to-year progression of available models in the U.S. 
with each specific safety technology surveyed.  
Bar charts show the installation patterns for the 
technologies based on the numbers of models for 
which the technology was standard or optional.  
An example of such an installation pattern bar 
chart can been seen in Figure 2 . 

CRASH AVOIDANCE TECHNOLOGIES SURVEYED 

Six of the most common collision avoidance 
technologies identified by the Insurance Institute 
of Highway Safety (IIHS) were surveyed: Forward 
Collision Warning, Forward Collision Autobrake, 
Lane Departure Warning, Lane Departure 
Prevention, Adaptive Headlights, and Blind Spot 
Detection.  These technologies incorporate 
sensing, processing, display, and in some cases, 
actuating systems engineered to assist the driver 
in reducing the risk of collisions or to mitigate the 
effects of a collision should one occur.   
 
For the purpose of this study, the crash avoidance 
technologies were defined based upon 
automotive manufactures literature as follows:  
 
Forward Collision Warning 
By use of range finding radar, laser, or cameras,  
and other sensors, forward- collision warning 
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systems monitor driving speed, leading objects 
(usually another vehicle) and the instantaneous 
head space between a subject vehicle (equipped 
with FCW) and a lead vehicle.  If a collision is 
imminent, the system gives the driver an audible 
and/or visual warning that allows them to take 
action to avoid or prevent the collision [6, 7, 8, 9]. 
 
In some vehicles the system may also detect 
pedestrians. 
 
Forward Collision Auto-braking 
With most manufacturers, the brake-assist 
functions in conjunction with forward collision 
warning systems. The braking system assists by 
providing additional brake force or automatically 
applies the brakes if the system determines that 
the possibility of a frontal collision is imminent.  In 
most systems the auto-braking is responsive in 
specified vehicle speed ranges [7, 8, 9, 10, 11]. 
 
In addition, some systems activate seatbelt 
tensioning devises when the auto-braking function 
is activated 
 
Lane Departure Warning  
Cameras placed in position on the front of the 
vehicle monitor the lane lines on roads. If the 
vehicle begins to unintentionally depart from its 
lane the system alerts the driver through audible, 
visual and/or vibration of the steering wheel to 
alert the driver of the deviation [7, 8, 9, 12]. 
 
Lane Departure Prevention 
In combination with Lane Departure Warning, 
some manufactures include Lane Departure 
Prevention which applies steering torque in the 
direction to keep the vehicle within the lane [7, 
11]. 
 
Adaptive Headlights 
Adaptive headlights adjust atomatically to the 
direction the vehicle is traveling reacting to in some 
instances the steering input, speed and elevation of 
the vehicle.  Sensors are placed to detect the speed, 
steering wheel angle and the yaw of the vehicle 
activating the headlamps to move to illuminate the 
road ahead [7, 9, 11, 13, 14]. 
 
Blind Spot Detection 
Radar sensors located in the rear bumper 
alongside the vehicle detect adjacent vehicles 
approaching on the side.  The system warns the 

driver by illuminating a warning icon in the side 
review mirror and in some systems sounding an 
alert if a lane change is attempted [7, 9,11]. 
 
INFLUENCE OF FMVSS ON SAFETY TECHNOLOGY 
INSERTION 
 
Electronic Stability Control, Rollover Activated 
Curtains and Back-up Cameras were all introduced 
into the stream of commerce well before a 
regulation was promulgated requiring application. 
 
Electronic Stability Control 
Federal Motor Vehicle Safety Standard, FMVSS 
126 – Electronic Stability Control Systems; 
Controls and Displays,  was promulgated in April 
2007 requiring electronic stability control systems 
(ESC) to be installed on all passenger cars, 
multipurpose passenger vehicles, truck and buses 
with a gross vehicle weight rating of 4,536 Kg 
(10,000 pounds) or less [15].  The ruling describes 
ESC systems as “automatic braking of individual 
wheels to assist the drier in maintain control in 
critical driving situation in which the vehicle is 
beginning to lose directional stability at the rear 
wheels (spin out) or direction control at the front 
wheels (plow out).” (ibid)  The regulation required 
phase-in of the technology on applicable vehicles 
to meet the requirements of the standard 
commencing on September 1, 2008 and 
completing by September 1, 2011.  All new light 
vehicles starting with the 2012 model year were 
equipped with ESC with exceptions for some 
vehicles manufactured in stages or by small 
volume manufacturers.  The standard estabilished 
vehicle dynamic  performance requirements that 
were engineered to require an ESC system and 
must be met for the vehicle to be compliant. 
 
Figure 3 shows the insertion rate of ESC from 
model year 1998 through 2015.  In model year 
2009 vehicles began to be produced so as  to meet 
the FMVSS 126 requirements.  Prior to that and up 
until the 2012 MY, vehicle equipped with ESC met 
requirements set forth by the individual vehicle 
manufacturers to meet their own dynamic 
specifications. 
 
The National Highway Traffic Safety 
Administration (NHTSA) was able to use crash data 
studies with vehicles equipped ESC technology 
prior to the regulation to support the NHTSA’s 
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effectiveness in preventing single-vehicle-loss-of-
control crashes. 
 
Rollover Activated Curtains 
In January 2011 FMVSS 226 – Ejection Mitigation, 
was established to address partial and complete 
ejection of vehicle occupants through vehicle side 
windows in crashes, particularly rollover crashes 
[16].  The agency anticipated that enhanced side 
curtain airbag technology would be inserted in 
vehicles to meet the requirements of the 
standard. The standard prescribes a specific 
evaluation method and acceptance requirements. 
Phase-in of the regulation began September 1, 
2013 with 2014 MY vehicles and will continue 
through until September 1, 2017 when all 2018 
new model vehicles (with some exceptions) will be 
required to meet the standard. 
 
Enhanced curtain airbags that provide ejection 
mitigation began to be inserted into the stream of 
commerce starting in model year 2002, Figure 4.  
Although the technology inserted prior to the 
release of the safety standard would not have 
been engineered to satisfy  the prescribed 
performance test and acceptance requirements of 
the yet to be established FMVSS rule,  evaluation 
of those early emerging systems enabled NHTSA 
research projects in developing a test procedures 
and acceptance criteria eventually adopted in the 
Final Rule.  
 
Back-up Cameras 
To reduce the risk of back over crashes 
involving vulnerable populations (including 
young children) NHTSA issued a final rule 
revising FMVSS 111 – Rear Visibility, to expand 
the required field of view for all passenger 
cars, trucks, multipurpose passenger vehicles, 
buses, and low-speed vehicles with a gross 
vehicle weight of less than 10,000 lbs. [17].  
The ruling specifies an area behind the vehicle 
which must be visible to the driver when the 
vehicle is placed into reverse as well as other 
related performance requirements.  The 
technology anticipated to fulfill the standard is 
a combination of rearview video camera 
systems with in-vehicle visual display monitors.  
In accordance with the phase-in required by 
the standard, vehicle manufactured beginning 
May 1, 2016 will begin to comply with the rule 
with all new vehicles manufactured complying 
by May 1, 2018. 

 
Rear back-up cameras began being inserted 
into vehicle models beginning in model year 
2003 and have continued through 2015, Figure 
5.  The majority of vehicles were optionally 
equipped with the technology as opposed to a 
standard feature. 
 
CRASH AVOIDANCE TECHNOLOGY INSERTION 
 
Forward collision warning, forward collision 
autobrake, lane departure warning, lane 
departure prevention, adaptive headlights and 
blind spot detection are fairly new 
technologies being introduced on new model 
vehicles.  There insertion rates on new model 
vehicles are show in Figure 6 through Figure 10 
with the exception of Adaptive Headlamps 
which is shown Figure 2. 
 
CONCLUSIONS 
 
ESC had a high market penetration, almost 90% of 
2009 MY vehicles, at the time FMVSS 126 phase-in 
required installation of ESC whereas enhanced 
curtain airbags with roll sensing had about 50% 
market penetration on 2014 model year vehicles 
at the time FMVSS 226 began phase-in. Back-up 
camera technology did not require phase-in until 
2016 model year vehicles and as of 2015 model 
year, the new car fleet provided back-up camera 
technology on about 80% of those models.   
Manufacturers and safety component suppliers 
are continuously researching and developing new 
safety technologies well in advance of regulation. 
 
Crash avoidance technologies are being 
introduced into the market as optional and 
standard equipment in the same manner as other 
injury mitigation technologies.    
 
As reported in 2011, emerging safety technologies 
are applied into the new vehicle fleet in small 
numbers of models initially, offerings are 
commonly provided as both optional and as 
standard equipment, successful technologies 
increase application proportions over time, and 
often as emerging technologies can be assessed 
for safety benefit, the early systems can serve as a 
basis for effectiveness measures that can be 
considered in rulemaking to mandate the 
technology through new FMVSS requirements. 
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Figure 1. Fatality rate per 100 million vehicle miles traveled  
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Figure 2. Insertion Bar Chart 

   
Figure 3. Electronic Stability Control (ESC) Insertion by Model Year 
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Figure 4. Enhanced Curtain Airbag with Roll Sensing Insertion by Model Year 

 
Figure 5. Back-up Camera Technology Insertion by Model Year 
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Figure 6. Forward Collision Warning insertion by Model Year 

 

Figure 7. Forward Collision Autobrake insertion by Model Year 
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Figure 8. Lane Departure Warning insertion by Model Year 

 

Figure 9. Lane Departure Prevention insertion by Model Year 
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Figure 10. Blind Spot Detection insertion by Model Year 
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ABSTRACT 
 
Crash causation studies that stretch back to the 
1960s have consistently reported human 
(primarily driver) errors as the cause of the 
overwhelming proportion of roadway collisions. 
Application of driver alert and active collision 
avoidance technologies may begin to affect 
drivers’ pre-collision actions and their resultant 
success in crash avoidance or injury mitigation 
when a crash does occur. With the introduction 
of connected vehicle (V2X) technologies, 
vehicle-to-vehicle communications will better 
inform drivers to take avoidance actions or in 
some cases even automatically control the 
longitudinal and lateral dynamics of the vehicle 
so as to avoid collisions and mitigate injury 
should a crash occur regardless. Further, the 
great promise of automated1 vehicle systems is 
the elimination of most driver observational, 
judgement, and controls actuation errors, thus 

                                                           
1 The authors use the term “automated” in a context 
synonymous with “autonomous”, “self-driving”, 
“driverless”, “unmanned”, and “robotic” vehicle 
control systems. Safety researchers, vehicle 
engineers, and regulators have used all of these 
terms and other shorthand titles to characterize a 
vehicle that to one degree or another perform part 
of the “dynamic driving task”. Our use of 
“automated” is consistent with SAE J3016. Herein 
after, we will use: automated driving system or 
Automated Vehicles (AV) to refer to such vehicle 
systems. 

resulting in collision avoidance or in injury 
mitigation should a crash occur. Safety 
researchers anticipate that these systems now 
emerging as new safety technologies, or 
currently in advanced research stages will 
provide significant public health benefits but  
may not prove to be one hundred percent 
effective in collision avoidance.  

 
The sensor inputs, controls algorithms, and 
driver alerts and/or vehicle systems actuations 
that may be commanded by Advanced Driver 
Assist systems or by various levels or 
automated driving systems are engineered 
parameters and will be well understood at 
introduction of the systems into the stream of 
commerce. However, as vehicles equipped with 
advanced collision avoidance technologies and 
automated driving systems are anticipated to 
continue to be involved in some crashes, it is 
essential that safety researchers, engineers, and 
regulators are able to develop a complete 
understanding of those collisions that continue 
to occur and why such collisions did occur. 
Conventional accident reconstruction 
techniques will be insufficient to the task of 
understanding pre-crash conditions, changes in 
conditions observed prior to impact, and post-
impact events. Therefore, research demands for 
data related to prevailing conditions, 
conditional awareness, and post-crash data 
availability are critical to development of 
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understanding of crash causation and further 
refinement of safety systems through study of 
customer use experiences. This paper 
introduces some criteria for selection of pre-
crash, collision, and post-crash related data that 
may be of use in understanding crash causation 
in advanced crash avoidance platforms and in 
engineering refinements in second and 
subsequent generations of advanced collision 
avoidance technologies including automated 
driving system equipped vehicles. 

BACKGROUND 
 
Event Data Recorders (EDRs) have been applied 
in light-duty passenger vehicles for over 40 
years (DOT HS 810 935, 2008).  Registration of 
some collision dynamic parameters in the 
airbag control module  to control and record air 
bag deployment conditions was a feature 
implemented in the earliest air bag systems 
deployed by the   General Motors 
Corporation(GM)  in a 1000 vehicle test fleet in 
1973 and in certain production model vehicles 
in 1974 (DOT HS 810 935, 2008).  GM has used 
the term sensing and diagnostic module (SDM) 
to identify many of its early air bag control 
modules. With model year 1994, GM made 
SDM data publically accessible in some 
Chevrolet, Cadillac, and Buick models so as to 
increase accessibility to safety researchers 
(Parker, 2016). 

These early generation EDRs documented 
limited vehicle parameters: air bag deployment 
timing, supplemental inflatable restraint (SIR) 
warning lamp status (on/off),  vehicle 
longitudinal acceleration, driver seat belt status 
(buckled/unbuckled) for the specific crash 
involved  vehicle,  and certain circumstantial 
conditions of the vehicle sensors necessary  to 
the triggering event.  Crash pulse recording 
duration in the early generation EDRs is 

commonly 100-150 ms, however some record 
for as little as 70 ms or as much as 300 ms 
(Niehoff, 2005).  Change in vehicle velocity 
(delta-v) was reported based upon integration 
of accelerometer output. 

Beginning in 1997, GM engineered a new EDR 
system and after a test fleet trial during 
calendar year 1998,  introduced a new 
generation of SDMs by adding recording and 
storage of basic pre-crash information 
(Lawrence, 2003) for some of the 1999 model 
year new car fleet.  This new element of the 
SDM was named the Event Data Recorder (EDR) 
and was intended for use in safety research 
projects to better understand pre-crash vehicle 
performance, certain driver actions, and 
resultant collision dynamics.  GM engineered a 
pre-crash recording duration of 5 seconds 
limited by the amount of data that could be 
embedded in the RAM recirculating buffer of a 
then existing SDM unit.  It was an opportunistic 
usage of available capacity. 

Early EDRs of the GM type that record pre-crash 
data generally capture: vehicle speed, engine 
RPM, percent throttle, and service brake switch 
circuit status.  More recent EDRs may also 
record accelerator pedal position, transmission 
gear range status, ABS activity, stability control 
activity, traction control activity, yaw rate, 
steering wheel angle, individual wheel speed, 
cruise control status, and other parameters.  
Time-of-crash data can include passenger seat 
occupancy, driver’s seat position, ignition cycles 
at deployment, diagnostic trouble codes at 
event, low tire pressure warning status, remote 
start status, service engine status, and door ajar 
status. Often, multiple events can be recorded, 
typically two or three, and the event order and 
time between events is reported.  Advances in 
restraint systems have resulted in placement of 
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additional airbags within the occupant 
compartment, side impact airbags, head 
protection side impact air bags, rollover roof 
mounted air bags, and knee air bags.   

Application of side impact air bags required 
additional collision sensors that are engineered 
to identify side impact or imminent rollover and 
command deployment of the appropriate air 
bag.  

The development of rollover sensing technology 
is described in “Rollover Sensor Signature Test 
Development, SAE 2007-01-0375”, O'Brien-
Mitchell et.al.; “Ejection Mitigation in Rollover 
Events – Component Test Development, SAE 
2007-01-0374”, O’Brian-Mitchell and Lange; 
and “Data Analysis Methodology and 
Observations from  Rollover Sensor 
Development Tests, ESV 07-  0308”, O’Brian-
Mitchell et. al. and is not included here in the 
interest of brevity. 

NHTSA began working with automotive 
manufactures in the 1990s to promulgate an 
EDR rule as a safety technology useful to safety 
researchers and common in content across 
automotive manufacturers and Tier 1 suppliers 
that applied EDR technology.  On June 14, 2004, 
NHTSA issued a Notice of Proposed Rulemaking 
(49 CFR Part 563 Docket No. NHTSA-2004-
18029), recommending that EDRs record a 
specific set of vehicle-centric parameters.  On 
August 28, 2006, NHTSA issued a final rule for 
EDRs in vehicles manufactured after September 
1, 2012 [49 CFR 563 Docket No. NHTSA-2006-
25666].  The regulation commonized the 
required: content for EDRs when vehicles were 
so equipped and that the data be publicly 
accessible with commercially available tools.  
On January 14, 2008, NHTSA issued its response 
to petitions for reconsideration regarding the 
EDR Final Rule (49 CFR 563 Docket No. NHTSA-

2008-0004).  A timeline of historic EDR events is 
illustrated in Figure 1. 

 

Figure 1.  Timeline of EDR evolution. 

EDR application into light duty vehicles that 
enabled access to recorded data increased 
subsequent to NHTSA’s rulemaking.  In model 
year 2005, approximately 64% of light duty 
passenger vehicles were equipped with an EDR 
(NHTSA, Event Data Recorders, Final Rule, 49 
CFR 563 Docket No. NHTSA-2006-25666), 
and by model year 2013, the proportion had 
risen to approximately 96% (NHTSA Press 
Release 46-10). 

A crash investigator can download EDR data 
using commercially available tools.  Bosch 
produces the Crash Data Retrieval (CDR) 
system, which allows trained investigators to 
download EDR data from vehicles as old as 1994 
for selected GM models (Wilkinson et al., 2008 
09B-0348).  The range has since expanded to 
include most major domestic and foreign 
brands. 
 
History of Crash Causation 
 
Motor vehicle safety researchers began to study 
crash causation early in the development of 
motor vehicle safety science. By the mid-1970s, 
NHTSA had contracted for, and was publishing 
data and analyses regarding crash causation to 
enable consideration and development of 
countermeasures to prevent roadway crashes 
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or to mitigate the effects of crashes when they 
occur. (Reference: “Tri-level Study of the Causes 
of Traffic Accidents: Final Report.) In those 
initial studies and throughout, to more current 
studies of crash causation (Reference: “National 
Motor Vehicle Crash Causation Survey, DOT HS 
811 059”, July 2008.) human errors of various 
types have been identified as cause of more 
than 90% of crashes on U.S. roadways. This fact 
and technology developments in computing 
capacity and sensor capabilities have 
emboldened safety researchers and engineers 
to propose safety countermeasures that 
remove responsibility  and authority from a 
human driver for: monitoring and processing  
instantaneous roadway circumstantial 
conditions; instituting appropriate control 
responses to those circumstantial conditions; 
scanning for looming collision threats and 
adjusting control settings and actions to avoid 
collisions or mitigate collision severity should 
avoidance be impossible in the time from 
recognition to collision.  Those safety 
countermeasures are characterized as 
automated vehicles: wheeled ground vehicles 
with the capacity to replace the human driver in 
execution of some or all driving tasks during a 
trip. 

 
Definition of Automated Driving 
 
As there are expectations that automated 
vehicles are being, and will continue to be, 
developed with a range of capabilities and 
capacities, it has been necessary to develop a 
vocabulary to characterize automated vehicle 
performance and to differentiate levels of 
control that users and riders may reasonably 
expect from the technology. The SAE has 
established such a vocabulary for use in this 
developing scientific domain; that is SAE 
International “Surface Vehicle Recommended 

Practice J3016, SEP2016, Taxonomy and 
Definitions for Terms Related to Driving 
Automation Systems for On-Road Motor 
Vehicles” revised 2016-09. 

SAE J3016 provides a “Rationale: This 
Recommended Practice provides a taxonomy 
describing the full range of levels of driving 
automation in on-road motor vehicles and 
includes functional definitions for advanced 
levels of driving automation and related terms 
and definitions”.  Some terms necessary for 
understanding are: 

1. Dynamic Driving Task (DDT) – “All of the real-
time operational and tactical functions required 
to operate a vehicle in on-road traffic, 
excluding the strategic functions such as trip 
scheduling and selection of destinations and 
waypoints…..”  (ibid, “Definitions”, page 5.) 

2. Operational Design Domain (ODD) – “The 
specific conditions under which a given driving 
automation system or feature thereof is 
designed to function, including, but not limited 
to, driving modes. (ibid, “Definitions”, page 3.) 

3. Active Safety System (SAE J3063:NOV2015) – 
“Active safety systems are vehicle systems 
that sense and monitor conditions inside and 
outside the vehicle for the purpose of 
identifying perceived present and potential 
dangers to the vehicle, occupants, and/or 
other road users, and automatically intervene 
to help avoid or mitigate potential collisions…” 
(ibid, “Definitions”, page 12.) 

4. Automated Driving System (ADS) – “The 
hardware and software that are collectively 
capable of performing the entire DDT on a 
sustained basis, regardless of whether it is 
limited to a specific operational design domain 
(ODD)….”  (ibid, “Definitions”, page 3.) 

5. Driving Automation System or Technology – 
“The hardware and software that are 
collectively capable of performing part or all of 
the DDT on a sustained basis;….”  (ibid, 
“Definitions”, page 3.) 

6. Driving Mode – “A type of vehicle operation 
with characteristic DDT requirements (e.g., 
expressway merging, high-speed cruising, low-
speed traffic jam, etc.). (ibid, “Definitions”, 
page 5.) 

7. Dynamic Driving Task (DDT) Fallback – “The 
response by the user or by an ADS to either 
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perform the DDT or achieve a minimal risk 
condition after occurrence of a DDT 
performance-relevant system failure(s) or upon 
ODD exit. (ibid, “Definitions”, page 5.) 

8. DDT Performance-Relevant System Failure – 
“A malfunction in a driving automation system 
and/or other vehicle system that prevents the 
driving automation system from reliably 
sustaining DDT performance (partial or 
complete).”  (ibid, “Definitions”, page 10.) 

9. Monitor – “A general term referencing a range 
of functions involving real-time human or 
machine sensing and processing of data used 
to operate a vehicle, or to support its 
operation. (ibid, “Definitions”, page 10.) 

10. Monitor the Driving Environment – “The 
activities and/or automated routines that 
accomplish real-time roadway environmental 
object and event detection, recognition, 
classification, and response preparation 
(excluding actual response), as needed to 
operate a vehicle.  (ibid, “Definitions”, page 
11.) 

11. Object and Event Detection and Response 
(OEDR) – “The subtasks of the DDT that 
include monitoring the driving environment 
(detecting, recognizing, and classifying objects 
and events and preparing to respond as 
needed) and executing an appropriate 
response to such objects and events (i.e., as 
needed to complete the DDT and/or DDT 
fallback).”  (ibid, “Definitions”, page 12.) 

12. Request to Intervene – “Notification by an ADS 
to a driver indicating that s/he should promptly 
perform the DDT fallback. (ibid, “Definitions”, 
page 13.) 

13. Supervise (Driving Automation System 
Performance) – “ The driver activities, 
performed while operating a vehicle with an 
engaged level 1 or 2 driving automation 
system, to monitor the driving automation 
system’s performance, respond to 
inappropriate actions taken by that system, 
and to otherwise complete the DDT. (ibid, 
“Definitions”, page 13.) 

14. Sustained (Operation of a Vehicle) – 
“Performance of part or all of the DDT both 
between and across external events, including 
responding to external events and continuing 
performance of part or all of the DDT in the 
absence of external events.”  (ibid, 
“Definitions”, page 13.) 

 
SAE J3016 categorizes driver assist and 
automated driving systems into six levels of 

increasing machine interactions with a human 
driver or control based upon five 
considerations: 

1. Does a driving automation system control 
longitudinal or the lateral motion in the 
“Dynamic Driving Task”? 

2. Does the driving automation system  control 
both  longitudinal and the vehicle motion 
“Dynamic Driving Task” simultaneously? 

3. Does the driving automation system also 
control “Object and Event Detection and 
Response”? 

4. Does the driving automation system also 
provide  fallback control in the “Dynamic 
Driving Task” in the event of malfunction, 
anomalous performance, of failure? 

5. Is the driving automation system limited to 
select “Operational Design Domains”? 

 

Based upon these criteria, levels 0 through 5 are 
defined as listed SAE J3016.  SAE J3016 
differentiates automated driving levels from 
driver assist features that are increasing in 
application to the new car fleet currently. Levels 
1 and 2 involve driver assist technologies, those 
functions may extend to higher levels as well. 
Levels 4 and 5 provide an automated driving 
system capable of functioning without human 
supervisory control, at least in some operating 
domains.  Level 3 provides automated functions 
under human monitoring where a driver is 
required to be ready to receive control from the 
automated driving system should it encounter 
circumstantial conditions it cannot navigate. 

Application and integration of automated 
vehicles (AV) in small numbers, hundreds of 
vehicles, has been initiated by various 
institutions active in the domain: Google (now 
Waymo), Cruise Automation (now part of 
General Motors), Uber (and Otto, an acquired 
AV firm) have been operating individual vehicles 
or fleets of vehicles in testing and on public 
roadways for several years. Conventional 
vehicle manufacturers (Tesla, Audi, and Volvo 
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for example) have also demonstrated AV 
function on public roadways. As applications are 
increasing, governmental agencies responsible 
for roadway infrastructure use and safety have 
undertaken consideration of enabling or 
limiting legislation, guidance, and regulation 
governing AV applications on public roadways. 
Some jurisdictions have acted to adopt new 
rules to govern AV applications. As motor 
vehicle regulation is a distributed responsibility, 
AV providers will have to interact with 
regulators at the local, State and federal levels. 

 
The non-profit “Securing America’s Future 
Energy” (SAFE) has issued a report and 
recommendations for AV providers during the 
development and early applications of AV 
technologies. The report is entitled: 
“Commission on Autonomous Vehicle Testing 
and Safety, A project of Securing America's 
Future Energy” and is dated January 5, 2017. 
That report described the regulatory challenge 
to adoption of AV technologies as follows: 
“Regulation of emerging technology is always 
challenging, but autonomous vehicles face two 
exceptional obstacles. The first is that vehicles 
are regulated by a complex network of national, 
state, and local laws. The second is that AVs 
function based on highly sophisticated 
computer algorithms, or software. These 
technologies stress current regulatory 
frameworks, which are designed to test and 
approve more limited safety technologies such 
as seatbelts, airbags, or basic collision warning 
systems. The broad deployment of AVs will 
depend on finding new approaches to the 
verification and certification of safety.” 

“Safety assurance will present a challenge to 
regulators and create a major roadblock in the 
regulatory process. Manufacturers must not 
only achieve an acceptable level of safety, but 

also convince regulators, users, and the public 
at large.” (Reference: “Commission on 
Autonomous Vehicle Testing and Safety, A 
project of Securing America's Future Energy”, 
January 5, 2017, page 9.) 
 
AV system providers will face and address 
multiple regulatory challenges during testing 
and early deployment of AV systems and the 
National Highway Traffic Safety Administration 
(NHTSA) has been proactive in trying to provide 
regulatory certainty in an uncertain and fast 
changing technology domain. The SAFE 
Commission remarked upon this fact as well: 
“The Commission also urges AV providers to 
keep relevant regulatory bodies apprised of 
their progress and intention to test or deploy 
AVs on public roads. This is consistent with 
NHTSA's Federal Automated Vehicles Policy, 
which requests, voluntarily, 4 months advance 
notice before active public road testing begins 
on a new automated feature. Ideally, state and 
local authorities should be engaged and kept 
abreast of provider intentions in order to 
facilitate local acceptance.” (ibid, page 10.) 

NHTSA published “Federal Automated Vehicles 
Policy, Accelerating the Next Revolution in 
Roadway Safety” in September of 2016. NHTSA 
sees AV systems as a potential safety benefit of 
significant proportion (Reference:  “Federal 
Automated Vehicles Policy”, page 5.) NHTSA 
wrote: “Recognizing this great potential, this 
Policy sets out an ambitious approach to 
accelerate the HAV revolution. The remarkable 
speed with which increasingly complex HAVs 
are evolving challenges DOT to take new 
approaches that ensure these technologies are 
safely introduced (i.e., do not introduce 
significant new safety risks), provide safety 
benefits today, and achieve their full safety 
potential in the future. To meet this challenge, 
we must rapidly build our expertise and 
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knowledge to keep pace with developments, 
expand our regulatory capability, and increase 
our speed of execution.” (ibid, page 6). 

“This Policy is an important early step in that 
effort. We are issuing this Policy as agency 
guidance rather than in a rulemaking in order to 
speed the delivery of an initial regulatory 
framework and best practices to guide 
manufacturers and other entities in the safe 
design, development, testing, and deployment 
of  HAVs” (ibid, page 6.) NHTSA’s use of the 
term “HAVs” refers to “Highly Autonomous 
Vehicles”, levels 4 and 5 in SAE J3016. 

TECHNOLOGY CONTENT FOR AUTOMATED 
VEHICLES  
According to The Insurance Institute for 
Highway Safety, full deployment of crash 
avoidance features could prevent 1.9 million 
crashes per year of which 10,000 would be fatal 
crashes (IIHS, 2010). 

In addition to their role in crash avoidance, the 
technology used in automated vehicles and  
advanced driver assistance systems will sense 
and record data that is useful in later 
determining the position, velocity, and heading 
of all roadway users  involved in a crash, 
including vehicles, pedestrians, cyclists, and 
objects. These data will be useful to 
manufacturers, regulators, and investigators in 
in determining crash causation and learning 
how these systems work and interact with 
humans and the driving environment. 

Automated driving systems operation and 
driver warning systems include a network of 
sensors, actuators, and computer processing to 
interpret and provide notice to human drivers 
or in the case of automated driving systems, 
actually control the vehicle performance 
throughout some or the entire dynamic driving 

domain. A potential obstacle to effective 
operation of automated driving and crash 
avoidance features is loss of data from one or 
more sensors. Other issues: false signals from 
other vehicles, signal interference from 
localized signal saturation, malicious sensor 
spoofing, or sensor malfunction could 
potentially challenge the system’s capacity to 
collect and process data to issue the 
appropriate notice or control commands. 
Sensor fusion, hardware and software 
redundancy, and V2X capability may offer 
potential solutions to such challenges. Sensor 
loss and other signal challenges impose burdens 
upon automated systems and will likely also 
complicate post-crash data analysis in the event 
of a collision consequent to the loss of system 
integrity regardless of cause or source.  

We know that human distraction and/or 
impairment degrade drivers’ abilities to safely 
navigate, observe, cognitively process, and 
actuate control actions appropriate to the 
surrounding circumstances. Difficult driving 
situations present challenges to both human 
drivers and automated vehicles, as do complex 
driving environments involving other roadway 
users and multiple simultaneous potential 
looming collision threats.  AVs are potentially 
advantaged in an ability to utilize parallel sensor 
data so as to manage difficult driving scenarios; 
for instance, infrared cameras can detect 
pedestrians in dark areas, and LiDAR can offer a 
360-degree view around the vehicle.   

Vehicle safety technologies have contributed to 
the reduction of crash-related injuries and 
deaths (IIHS, 2012).  Adoption of safety features 
has been deliberate and steady. Typically 
available in a few new car models at technology 
introduction, with some trim levels providing 
the new technology as standard equipment. 
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Successful technologies may reach a 50% 
adoption rate in a new car fleet in a decade or 
so (Reference: “Installation Patterns for 
Emerging Injury Mitigation Technologies, 1998 
Through 2010, ESV 11-0088”, Lange et. al).  
Some technologies that may provide a safety 
benefit may have longer latency periods.  The 
hardware, processors, and software necessary 
for function of automated vehicle systems and 
advanced driver warning systems may include 
but are not limited to:  

Light Detection and Ranging (LiDAR) systems 
(Texas Instruments, 2011, Ibeo, 2017).  LiDAR 
systems operate in all lighting conditions; 
(Wilkinson, 2017) but may experience degraded 
performance or false signals due to scattering in 
rain, fog, or snow, as well as reflective objects 
(Rasshoder 2011). LiDAR systems generate a 
“point cloud” , identifying the spatial position of 
all detected objects in the field of view 
(Velodyne, 2013).  

Radio Detection and Ranging (RADAR) systems 
emit radio waves that reflect off objects and 
return to a sensor that determines the range 
and velocity of these objects (Delphi, 2017, 
Bosch, 2015, Batsch, 2012.)  Modern 
automotive RADAR operates in the 200-foot 
range from the sensor.  Rear-facing radar with a 
wider field of view is often used in blind spot 
monitoring application. 

Sonic Ranging (SONAR) emits sound waves that 
reflect off objects and return to a sensor that 
can determine range and velocity of these 
objects. 

Stereoscopic video for object detection 
provides data regarding location and shape. 
Generally it will not function in low or no light 
conditions or certain bright light conditions. 

Global Positioning System (GPS) is satellite-
based geolocation with an accuracy of 8m 
(NOAA, 2017), that can be increased up to the 
centimeter level through the use of various 
base augmentation systems.   

Inertial Measurement Units (IMUs) are used to 
determine acceleration and attitude of the 
vehicle.  They are also commonly used in Anti-
lock Braking Systems, active suspension, and 
airbag deployment modules. 

Infrared (IR) cameras detect the thermal 
signature of objects and deliver an image array 
to the processor. Since IR does not need visible 
light to detect objects, it is used for night vision 
and pedestrian detection systems (FLIR, 2017 
and Sensors Unlimited, 2017). 

Wheel Speed sensors measure the rotational 
speed of a wheel or axle. ABS and Electronic 
Stability Control (ESS) systems use wheel speed 
sensors to determine if one or more wheels 
have lost traction and together with IMUs and 
GPS to provide inertial navigation. 

V2X Transceivers will exchange data with other 
vehicles, other roadway users (pedestrians, 
pedi-cyclysts, motorcyclists) and infrastructure 
elements (NHTSA, 2017 (Reference SAE 
/j2735_200911). 

After a crash, data from the EDR of multiple 
vehicles may be compared with other 
observations by the investigators to recreate 
the circumstances that led to the accident. In 
order to quantitatively compare data from 
multiple sensors systems and from different 
vehicles, an absolute clock basis such as GPS 
time will be useful. 

GPS spoofing and other malevolent interference 
with an AV system are concerns for potential 
causation and ultimate understanding of a crash 



 

Lange 9 
 

scenario. Sensor fusion or another clock basis 
for the sensor systems may be useful to offer 
redundancy in time synchronization. 

Functional Safety Requirements 

Functional safety, the absence of unacceptable 
risk due to hazards stemming from component 
or system failures, is imperative to safety-
critical control systems. The complex nature of 
today’s electro-mechanical and software 
control systems used in automotive systems, 
especially those required for automated vehicle 
operation, require in-depth safety assessments 
and the application of safety standards;  ISO 
26262 Road Vehicles – Functional Safety is such 
a standard.  Released in November 2011, ISO 
26262 “…is intended to be applied to safety-
related systems that include one or more 
electrical and/or electronic (E/E) systems and 
that are installed in series production passenger 
cars with a maximum gross vehicle mass up to 3 
500 kg.” (ISO26262, 2011)  In addition to ISO 
26262, there are other safety standards and 
systems engineering processes and principals 
that will be employed for safety engineering.  
As automated vehicle systems, software, and 
components increase in complexity, the 
application of functional safety standards and 
requirements are be critical to the safe 
deployment of software controlled systems.  

Systems Redundancy 
Processing data from multiple sensors reduces 
uncertainty of the estimate of the state of the 
system or vehicle and increases the accuracy 
and integrity of the estimate.  A reliable 
automated vehicle must be able to gracefully 
accommodate loss of data, false signals, or 
reduced fidelity from one or more sensors; 
sensor fusion can potentially provide solution 
sets for partial disable conditions.  Mechanical 
damage or optical interference to the sensors 

are possible causes of sensor loss, as are 
intentional actions such as sensor spoofing or 
some unintentional actions such as vehicular 
crosstalk (Lundquist, 2011). 

Several redundancy schemes are available for 
mitigating sensor performance degradation. 
Sensor fusion is an example of redundancies 
that does not duplicate sensor coverage, but 
rather exploits the strengths of multiple 
sensors. A typical setup for automated 
emergency braking systems is the   combination 
(i.e., fusion) of RADAR and an optical camera.  
RADAR has better visibility in fog or rain than a 
camera, but cannot determine shape or color of 
roadway markings or signage. 

Sensor fusion also offers a potential fallback in 
the event of sensor data loss.  For example, if 
the front-facing radar used for adaptive cruise 
control is damaged, data from LiDAR or an 
optical camera can be supplemented to 
determine the distance and speed of objects in 
front of the vehicle and possibly continue to 
provide undiminished or at least sufficient 
functions for continued application.  Failure to 
maintain full function requires backstop 
solutions.  

 

Communication between multiple vehicles on 
the roadway and between vehicles and 
infrastructure can supplement for sensor data 
loss.  Broadcasting traffic information can 
accommodate for reduced visibility of a LiDAR 
system in conditions such as fog or snow.  By 
communicating traffic and environmental 
observations from vehicle to vehicle or between 
vehicle and infrastructure, this type of 
redundancy can effectively reduce or 
compensate for the potential adverse effects of 
the lack of sensor data on one vehicle by 
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supplementing that data from other vehicles’ 
sensor systems (NHTSA, 2017). 

EDR FUNCTIONS FOR AUTOMATED VEHICLES 
There are numerous considerations in selecting 
an appropriate time period for event data 
recording for ADAS-equipped and automated 
vehicles involved in crashes.  The sections 
below discuss some of these considerations 
aimed at collecting data to understand what 
happened in the crash so as to enable safety 
researchers and engineers to generate a path of 
continuous improvement in systems functions 
and safety performance. 
ADAS-equipped and automated vehicles are 
expected to operate in all environmental 
conditions including rain, fog, and snow.  Not 
only do these conditions challenge the 
perception sensors on these vehicles, but they 
may modify the timescale of the vehicle 
dynamics through the available road friction to 
the vehicle (for example, time from braking 
actuation to final rest), and therefore the 
anticipated time period for data recording. 

ADAS-equipped and automated vehicles will 
operate in both urban and rural environments 
where the density of vehicles, pedestrians, 
bicyclists, and other moving and fixed objects 
will vary.  As such, the expected travel speeds, 
vehicle to fixed and moving object distances, 
and number of tracked objects will vary greatly. 
Driver-assisted and automated vehicles will still 
be involved in some collisions.  It is difficult to 
anticipate all potential crash scenarios and the 
time period for data recording necessary to fully 
document the relevant pre-crash conditions 
vary. 

As a potential bounding exercise consider a high 
speed loss of control scenario in which an AV is 
traveling at 85 mph, slides on an unanticipated 
low friction patch of roadway, departs the road, 
and impacts a tree at 20 mph.  Assuming a 

dynamic friction coefficient of 0.2, the sliding 
distance and time are approximately 1140 ft 
and 15 seconds, given by:   

=       (Equation 1) =	 − \	 	      (Equation 2) 

Where vi is the initial velocity, vf is the final 
velocity, a is the acceleration, d is the distance, 
and t is the time. This exercise suggests an 
upper limit of as much as 15 seconds for AV 
system EDR function so long as any security 
breach is permanently registered at occurrence 
and notice provide to a supervisory authority. It 
should be noted that any effort to specify pre-
crash recording timing should also consider the 
frequency of the crash mode considered, the 
injury potential, and the implementation cost 
on a large scale. 

ADAS-equipped and highly automated vehicles 
(HAV) utilize exteroceptive sensors to 
continuously monitor and characterize the 
developing roadway environment, and 
generating data that is processed and applied in 
decision-making algorithms to determine: the 
path and motion of the vehicle, surrounding 
object occurrences and motions, to identify 
looming collision threats, and to effect 
appropriate control responses.  Therefore, to 
comprehensively evaluate vehicle performance 
post collision, three categories of data elements 
must be considered: sensor data, classification 
data, and decisional data. It is especially 
important to record critical elements of all 
three data elements to understand the motion 
and behavior of the vehicle with respect to the 
surrounding environment prior to the crash. 

Exteroceptive sensors including LiDAR, RADAR, 
IR, and visual imaging, can generate significant 
amounts of data, both raw and post-processing.  
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For example, a LiDAR could report a point cloud 
(raw) or a simplified geometrical description of 
a classified object type (highly processed).  In 
the former, point clouds of LiDAR data may 
require substantial storage requirements on a 
data recorder, while a basic geometric 
description of a detected object type may 
require relatively little. It is appropriate and 
desirable to record both types of input data and 
the data that was issued as responsive control 
commands. The EDRs will also have to register 
malevolent interference, sensor saturation, and 
any failure in system health, system readiness, 
and electrical continuity. Recent transmissions 
of V2X data and recent reception of paired data 
packets will also have to be registered within 
the EDR system.    

EDRs for HAVs include information regarding 
how the vehicle classified and interpreted the 
world.  Classification data elements can include 
highly-processed data elements that describe 
how the vehicle perceived and recognized the 
world (including how the vehicle was positioned 
with respect to the map). These data elements 
can be similar in nature to the sensor data 
elements but will only include the data that the 
vehicle utilized in the decision process. 

Decisional data elements include information 
regarding what the vehicle processors 
commanded in terms of control actuation in 
advance of the crash.  A highly automated 
vehicle has to plan a path and impart 
appropriate driving inputs to follow that path 
using a combination of actuators (similar to 
what human drivers do).  Therefore, decisional 
data elements will include the planned 
trajectory as well as accelerator, braking, and 
steering commands effected to generate the 
desired path.  Collecting such actuator data for 
HAVs will be highly useful to understand if the 

vehicle’s performance and motion was 
consistent with its intended path, providing a 
more complete characterization of the 
automated vehicle situational awareness in pre-
crash conditions, processing output, control 
commands, and final outcome.  

CONCLUSIONS 

Driver assist technologies function so as to alert 
drivers to looming collision threat and (generally) 
require driver initiated control actions necessary 
to avoid or mitigate that looming collision threat.  
Proper awareness and reaction to the alert is, in 
general dependent upon driver recognition, 
cognitive processing for reaction, and appropriate 
control actuation. Responsibility and authority 
rests with the human driver.  However, driver 
recognition is to some degree dependent upon 
timely delivery of notice to looming collision 
threats; system failures or malfunctions, edge 
case performance anomalies; malevolent 
interference; or sensor overload. Should any of 
these conditions obtain prior to actuation of the 
appropriate driver alert, the system may fail in 
timely delivery. The prevailing operating 
conditions that precede a collision (including 
system readiness, data and data processing), 
whether an appropriate notice had been issued or 
not, will need to be registered in an EDR and 
available to enable safety researchers to attribute 
causation and engineering of corrective actions 
where necessary.  

Automatic Emergency Braking operates a little 
differently in that should the driver not properly 
react in advance of reaching the time to collision 
(TTC) critical to avoidance; sensor data, 
processing, and control actuation authority will be 
assumed by the system and braking actuation will 
initiate absent any driver action.  However, 
system failures or malfunctions; edge case 
performance anomalies; malevolent interference; 
or sensor overload may prevent proper system 
function. In all collision occurrences, the 
prevailing operating conditions that precede a 
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collision (including system readiness, data and 
data processing), whether an appropriate control 
action had been issued or not, will need to be 
registered in an EDR and available to enable safety 
researchers to attribute causation and 
engineering of corrective actions where 
necessary.  

Automated vehicles at levels 3, 4 and 5 to some 
degree or fully assume observational 
responsibility and control authority from the 
human driver and exercise those responsibilities 
and authorities through the AV system. System 
failures or malfunctions; edge case performance 
anomalies; malevolent interference; or sensor 
overload may prevent proper AV system function. 
In all collision occurrences, the prevailing 
operating conditions that precede a collision 
(including system readiness, data and data 
processing), whether an appropriate control 
action had been issued or not, will need to be 
registered in an EDR and available to enable safety 
researchers to attribute causation and 
engineering of corrective actions where 
necessary. 
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ABSTRACT 

 

The automobile industry, universities, and automotive research institutes in Europe have started an initiative for 

cooperative research regarding assessment of real-world safety benefits of advanced driver assistance systems 

(ADAS) and active safety systems. A ‘Harmonization Group’ was established in 2012 whose motivation is the 

development of a comprehensive, reliable, transparent, and thus accepted methodology for quantitative assessment of 

these systems by virtual numerical simulation. One aim of this group, so-called P.E.A.R.S. (Prospective Effectiveness 

Assessment for Road Safety), was to provide a review of the current practices for this prospective effectiveness 

assessment of ADAS and active safety systems. This paper’s objective is to present this review. 

As a complement to a literature review, five workshops were held with a dozen of P.E.A.R.S. members to collect 

qualitative in-depth information about their approaches concerning the effectiveness evaluation of ADAS and active 

safety systems via simulation. During the workshops, non-directive interviews and discussions were held to gather 

information on the research questions, metrics, methods and simulation techniques employed by the P.E.A.R.S. 

members. Subsequently, the approaches for prospective effectiveness assessment were classified into four levels 

according to their use of simulation. Finally, criteria for evaluating the approaches were identified.  

The overall evaluation approach consists of: 1) identifying the target accident situations (TS) that the system could 

potentially address (usually by using crash databases), for example pedestrian crashes; 2) establishing, for each TS, 

reference situations (RS) such as driving, pre-crash or crash situations in which the system was not present, for 

example all configurations of pedestrian crashes or critical situations involving a vehicle and a pedestrian; 3) adding 

the system to the reference situations in order to establish what would have happened if the system had been present, 
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generating potentially modified situations (MS); and 4) comparing the outputs of the two situations to estimate the 

effectiveness of the system in terms of crash avoidance and injury mitigation. 

Additionally, approaches were classified in four levels depending on their sparse, limited or intensive use of numerical 

simulation to establish the reference situations and the modified situations. The zero level uses expert opinion instead 

of simulation to roughly estimate the safety benefit of a system on crash situations. The first level uses simulation to 

add the system (and simulate its effect) to reference situations that are usually real-life crashes recorded in crash 

databases. The second level uses simulation to modify parameters of real-life situations and generate more reference 

situations, and also to add the system and generate the modified situations. The third level characterizes the processes 

involved in the target situations, then uses simulation to generate reference situations (which are not exclusively based 

on real-life situations), and the modified situations. 

Lastly, fourteen evaluation criteria were identified to assess the performance of the different approaches: 

Thoroughness and exhaustiveness, completeness, understandability and interpretability, operation capability usability, 

degree of automation, generalizability, flexibility, fidelity, accuracy, time consideration and ability to go back in time 

before the collision or critical situation, required resources, validation, and granularity. 

This paper provides a taxonomy of approaches and use of simulation to estimate the safety benefits of ADAS and 

active safety systems but does not provide quantitative evaluation on the performance of the different approaches. 

Future work focuses on applying various approaches on a same case study (Round Robin) in order to compare them 

relative to their effectiveness assessment outputs and the evaluation criteria. 

This review offers insights into the categories of current approaches for estimating potential benefits of ADAS and 

active safety systems via simulation. In order to develop a harmonized methodology, stakeholders acknowledge that 

simulation can be used at several levels with various degrees of data description. Moreover, the evaluation criteria can 

be used to determine which approach is more suitable for a specific need. 

INTRODUCTION 

The automobile industry, universities, and automotive 

research institutes in Europe have started an initiative 

for cooperative research regarding assessment of real-

world safety benefits of advanced driver assistance 

systems (ADAS) and active safety systems. A 

‘Harmonization Group’ was established in 2012 with 

mostly European participants from automotive 

industry, research institutes, insurances and 

universities, whose motivation is the development of a 

comprehensive, reliable, transparent, and thus 

accepted methodology for quantitative assessment of 

these systems by virtual numerical simulation. The 

first aim of this group, so-called P.E.A.R.S. 

(Prospective Effectiveness Assessment for Road 

Safety), was to provide a review of the current 

practices for prospective effectiveness assessment of 

ADAS and active safety systems [1].  

 

METHOD 
 

The compilation and description of such elements are 

the basis for the subsequent definition of a harmonized 

evaluation process/method. To this end, a template 

was sent to the P.E.A.R.S. members and an inquiry 

was sent to over 30 participants of the P.E.A.R.S. 

group. It gave a good but not sufficiently detailed 

overview of current practices regarding evaluation. 

 

In order to complement what has been achieved with 

this first step and to add further details, an additional 

in-depth review of RQ’s, used metrics, and  applied 

methods was needed. For this purpose, five workshops 

were held with P.E.A.R.S. members. The aim was to 

collect qualitative information on current methods 

concerning the effectiveness assessment of ADAS and 

active safety systems. 

 

The objective of the paper is to present a summary of 

the findings so far notably on research questions and 

the process to generate them, the overall process for 

prospective assessment including different approaches 

to perform it, and the metrics used to quantitatively 

assess effectiveness. To have a clearer understanding, 

definitions of relevant terms are given specifying their 

intended meaning. 

DEFINITIONS 

Safety versus safety benefit 

Traffic safety is usually regarded in terms of “lack of 

safety” [2]; when talking about road safety, the 
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quantitative measures nearly always focus on the 

amount of departure from an absence of harm instead 

of safety itself and therefore safety is usually referred 

to as the number of fatalities or injuries resulting from 

traffic crashes [3]. As a consequence, the safety 

benefits i.e. safety impacts, are represented as the 

reduction of crashes, injuries or property damages that 

a system (or a counter-measure) can bring.   

 

Examples of safety benefit definitions:  

 

 How many lives could be saved if x% of the fleet 

is equipped with the y safety package compared 

to a baseline fleet; 

 How many injuries of Abbreviated Injury Scale 

(AIS) “i” or Injury Severity Score (ISS) “j” could 

be mitigated if x% of the fleet is equipped with 

the y safety package compared to a baseline fleet; 

 Reduction in risk to be fatally injured if x% of the 

fleet is equipped with the y safety package 

compared to a baseline fleet; 

 Reduction in risk to be injured AIS “i” or ISS “j” 

if x% of the fleet is equipped with the y safety 

package compared to a baseline fleet over n years. 

 

Effectiveness assessment of safety functions 

The objective of the effectiveness assessment of 

ADAS and active safety systems is to estimate the 

safety benefit of such a function or system (or a 

combination of them). For systems that have already 

been introduced into the market this can be done by 

a retrospective analysis; safety benefits are quantified 

by computing crash statistics (or other direct 

measurements of mortality and injury impacts) of 

vehicles equipped and non-equipped with the safety 

device under study with a breakdown by relevant and 

non-relevant crash types (for a full description of the 

overall method, see for example [4] and [5]). 

 

However, there is especially a need for reliable 

effectiveness assessment of safety functions that are 

under development or functions with a low market 

introduction rate. Such systems have to be assessed by 

a prospective analysis that estimates the expected 

safety benefits of current and beyond state-of-the-art 

application i.e., the expected safety benefits that could 

be obtained thanks to a system. Commonly used 

methods for prospective analyses are Field 

Operational Trials (FOT’s), subject studies in driving 

simulators, on closed test tracks or on public roads and 

analyses by means of virtual simulation. Currently, 

input for an assessment by virtual simulation is 

obtained either from reconstructed real-world crashes 

or from synthetic scenarios derived from real-life 

distributions of pre-crash conditions and traffic. 

Simulations allow for a large number of cases and thus 

are capable of fulfilling the requirements posed by a 

sound sample size calculation. Simulation is certainly 

not a sole generic solution for all kinds of research 

question, but it represents an integrative method to 

combine different knowledge areas in order to achieve 

an overall effectiveness result; it offers a promising 

combination of speed, flexibility, reproducibility, and 

experimental control. 

 

The methods considering virtual simulation is the core 

interest of P.E.A.R.S. 

RESEARCH QUESTIONS 

A research question can be a simple question raised by 

anyone who would like to have a straightforward 

answer regarding safety of systems (for example, what 

is the safety benefit of Advanced Cruise Control?). It 

can also be a more complex question (e.g. what are the 

top five safety systems that could, within 10 years, 

bring the greatest safety benefits at the lowest cost?). 

A research question is generally expressed very briefly 

and without details by a stakeholder and needs a 

profound ‘reformulation’ to be workable. 

 

One example is the following: a question such as 

‘What are the safety benefits of ESC?’ needs further 

exploration and specification before analyses can be 

performed to formulate an answer. When? Where? For 

whom? What are the safety benefits? What kind of 

ESC? Etc. See [6] for examples. 

 

Criteria for the construction of research questions 

A research question is normally structured according 

to a series of comprehensive criteria which make them 

clear, precise and understandable: 

 

 Motivation: who wants a response to the question, 

and for what purpose? Is it a matter of estimating 

the safety benefits of a system, of doing a 

benchmark comparing the safety benefits of 

different systems, or of searching for the best 

parameters of triggering a system? 

 Effect: the safety effect needs to be quantified by a 

metric. How is the effect measured? 

 Function: What is the type of functionality or the 

package of functionalities being evaluated?  

 What is the type of technology behind the 

functionality, which is to be evaluated?  

 Scenario: Description of the situations that are 

being addressed. e.g., maneuver, accident types, 

traffic participants, type of road, geographic 

region, etc. 

 Time horizon of prediction: What is the time 

horizon that is being considered? Short-term, mid-

term, long-term? 
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 Sometimes, also the penetration rate of systems 

needs to be considered. 

 

Considering these criteria will provide questions that 

are sufficiently explicit, even parsimonious, to be 

considered as long and precise research questions. 

Examples are given below: 

 

 Relative change in crashes due to pedestrian AEB 

(100% penetration rate in passenger vehicles) in 

urban pedestrian situations in Germany (short term 

= 2 years in the future). 

 

 Absolute reduction of MAIS3+ injuries due to 

AEB (50% penetration rate in cargo vehicles) in 

highway rear-end accidents (excluding two-

wheelers) in France (mid-term = 5 years in the 

future). 

 

There is also a need to be clear about the accuracy of 

the expected answer, its applicability, its 

confidentiality and relevance/consistency with the 

question. 

 

As a part of the inquiry that was disseminated, 

participants were questioned regarding their interest 

and focus on several general research questions. 

Participants were asked to rate the importance of 

prescribed research questions with a number between 

1 (low) and 6 (high).  

 

Table 1 shows some results of the inquiry, which 

indicate that there is a higher interest in short-term 

effects compared to long-term effects. Moreover, table 

1 also displays that economic aspects seem to play a 

minor role in the effectiveness assessment compared 

to the quantification of safety effects. 

 

The intention of the inquiry was to identify the overall 

interests and general questions that are currently being 

considered by the participants. Nevertheless, these 

research questions can be revised to be more precise, 

for instance by defining the metric that quantifies the 

“safety benefit” or the specific cause=function under 

evaluation instead of ADAS and safety systems in 

general.  

 

Process to generate the Research Questions 

The discussions held during the various workshops 

helped to identify the two types of processes that 

participants use to generate research questions. Some 

of the participants use both type of processes.  

 

 Bottom-up process: Someone (a “client” from 

product development, suppliers, the government, 

public or industrial projects, etc.) contacts the 

person or the team in charge of doing safety 

assessments and asks to estimate the safety benefit 

of a defined system X – it can be an idea or 

description, a developed concept, a product under 

development or a product that is already in the 

market. The question is usually very wide and 

imprecise. Therefore it has to be divided into 

various questions and needs rephrasing. The main 

characteristic of this process is that the research 

questions are linked to a demand to evaluate a 

more or less defined system.  

 

 Top-down process: It involves looking at what is 

happening today on the roads, the existing or 

expected safety problems that have been identified 

and thinking about the kind of scenarios that need 

to be addressed. The research questions are not 

linked to a particular system but to a general safety 

problem and next generation systems i.e., possible 

solutions to the safety problems, are anticipated 

upon.  

 

Table 1. Examples of interest in research 

questions (outcome of the P.E.A.R.S. inquiry) 

 

Research Questions 
Mean 

Rating 

What are the potential safety benefits of ADAS 

and safety systems in short term (<5yrs) 

considering that there are a lot of other road 

safety actions? 

5.0 

What are the optimal parameterizations of 

technical aspects of ADAS and safety systems if 

we wish to reach the maximum safety benefits? 

4.9 

What re the potential safety benefits of ADAS 

and safety systems in mid-term (5-10yrs) 

considering that there are a lot of other road 

safety actions? 

4.8 

What are the externalities (side effects) linked to 

the development of ADAS and safety systems? 
4.2 

What re the potential safety benefits of ADAS 

and safety systems in long-term (>10yrs) 

considering that there are a lot of other road 

safety actions? 

4.1 

What are the societal and economic benefits of 

ADAS and safety systems in short term (<5yrs)? 
3.6 

What are the societal and economic benefits of 

ADAS and safety systems in mid-term (5-

10yrs)? 

3.3 

What are the societal and economic benefits of 

ADAS and safety systems in long-term 

(>10yrs)? 

2.9 

 

METRICS 

The changes and safety impacts due to a system can be 

expressed using various absolute or relative measures. 
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The direct quantification of effectiveness looks at 

critical situations, accidents, accidents with injuries, 

injury severity (such as AIS, Maximum AIS (MAIS), 

ISS, Head Injury Criteria (HIC), fatalities), 

Economic/health aspects (i.e., property damages, 

health care costs, societal costs, insurance costs, 

functional life years lost, quality life years lost, etc.). 

The indirect quantification of effectiveness is all the 

other metrics that are needed to draw conclusions for 

effectiveness or insight serving as an enabler for 

effectiveness analysis.  

 

The most frequently used metrics are the number (or 

reduction in the number expressed as percentage) of 

avoided accidents and the number of avoided injuries 

(or similarly, reduction in percentage). Another 

metric used is the reduction in risk to get involved in a 

crash, or sustain an injury or an injury of a certain level 

of severity. The changes in injury severity distribution 

are also used to quantify effectiveness.  

 

Finally, the changes in health aspects are the least used 

metric to measure effectiveness (see Table 2 for a 

summary of the inquiry about this topic). 

 

Table 2. Examples of metrics used 

(outcome of the P.E.A.R.S. inquiry) 

 

Method How often is the 

metric used by 

partners? 
(Mean value; 1:never 

used …5:6 always used) 

Avoidance of accidents 5.2 

Avoidance of injuries 4.9 

Avoidance of critical 

situations 

3.9 

Changes in injury severity 

distributions (MAIS, fatality, 

ISS, etc.) 

4.8 

Changes in health aspects (e.g. 

functional years lost, etc.) 

1.2 

Changes in economic aspects 

(property damage, economic 

costs, etc.)  

2.1 

Percentage of triggered 

(critical) events 

3.3 

 

There are also some Prospective Effectiveness 

assessments of ADAS and active safety systems in 

property damages: Since personal damages are the 

main focus of accident investigators, there is a high 

number of property damage accidents that are not 

reported in crash databases even though the data 

generally is available for insurance companies. The 

authors of [7] assessed the benefit of ADAS and safety 

systems in property damage accidents by the 

reconstruction and simulation of accidents and the 

construction of a damage risk function.  

APPROACHES, METHODS AND PROCESS 

Overall Process 

The process starts from considering driving, pre-

crash or crash situations in which the system to 

be assessed is not present, i.e. establishing the 

reference situations (RS). Then the system is 

added to the situation to establish a potentially 

modified situations (MS) to compare the outcome 

of the RS and  the MS. As specified in the metrics 

section, outcomes are usually compared in terms 

of crash reduction and injury severity reduction: 
 

 Crash reduction: To estimate the potential for 

crash reduction the outcomes of the RS (without 

the system) and the MS (with the system) are 

compared in terms of trajectories of the vehicles 

and/or other road users involved in the crash [8]. 

Then, parameters like the lateral and longitudinal 

positions, speeds and accelerations of the vehicles 

(and other road users), the distance needed for 

braking and the distance needed for performing an 

evasive maneuver, etc. are used to determine 

whether or not the accident is avoided. 

 

 Injury mitigation: In case an accident is not 

prevented by the system, but its consequences are 

mitigated, the extent of the mitigation can be 

calculated. To estimate the potential for injury 

severity reduction—including fatality 

reduction— the outcomes of the RS and the MS 

are usually compared using injury risk functions. 

Injury risk functions describe the relationship 

between the risk of injury and some parameters 

such as closing speed, speed reduction from 

emergency braking ∆v, collision angle, impact 

zone, energy equivalent speed, etc., based on a 

particular sample of casualties and injuries. 

Therefore, the injury risk functions are not 

universal; they depend on the sample which was 

used to build the them.  

 

For passive safety systems that have different 

protection capabilities, the level of risk is not the same 

when comparing two systems and thus there will be 

different injury risk functions for different passive 

safety systems.  

 

Nowadays, the most urgent need is to evaluate ADAS 

and active safety systems that intervene before the 

accident takes place. When comparing ADAS and 

active safety systems, the risk relation is the same — 
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with or without implemented system. But the system 

will influence a parameter such as ∆v, lowering the 

associated level of injury.  

 
Figure 1 shows two fictitious injury risk curves (red 

and blue) that indicate the probability of injury as a 

function of ∆v (given that there might be additional 

parameters impacting the probability of injury).  

 

When evaluating passive safety systems, the two 

functions corresponding to two different systems that 

have the potential to change the level of risk have to 

be compared. For the same value of ∆v, there would 

be a different level of injury (∆P Passive systems) and 

therefore, the probability of injury of the blue curve 

would be lower than the one of the red curve. In 

contrast, for the case of active systems there is no 

change in the risk relation, thus there would only be 

one injury risk function. The ADAS or active safety 

system plays a role on the pre-crash conditions, which 

ultimately would change the parameters that describe 

the collision, such as ∆v, impact angle, or impact 

location. As a result, for the same crash there would be 

a difference in ∆v with and without the ADAS or 

active safety system (∆P Active systems), changing 

and possibly decreasing the probability of injury. 

 

 
 

Figure 1. Example of injury risk curves as a function 

of ∆v 

 

Therefore, the overall evaluation process consists of 

establishing RS and MS and comparing their outcomes 

in terms of crash reduction or injury mitigation. As 

illustrated in Figure 2, this process includes four main 

steps: (1) Identification of the target situations (TS), 

(2) Establishing the reference situations (RS), (3) 

Establishing the modified situations (MS) and (4) 

Comparison and safety assessment. The red dotted 

lines indicate the steps of the process that can involve 

the use of accident simulations. 

 

 
 

Figure 2. Overall steps in the effectiveness 

assessment of ADAS and safety systems 

  

1. Identification of situations of interest or target 

situations involves looking at the accident databases 

and performing statistical analyses to identify the type 

of accident situations that the system could potentially 

address. In other words, identifying the TS that could 

be positively affected by a proposed safety system. 

Furthermore, it can also involve looking beyond the 

accident databases and identifying critical driving 

situations that can potentially lead to a crash.  

 

For example, ESC is supposed to address loss of 

control crashes (lateral dynamics only), Lane 

Departure Warning may support the driver in lane-off 

or road-off crashes, and low speed AEB may intervene 

when the driver is not capable to avoid low-speed rear-

end crashes. What is out of the scope of the ADAS and 

active safety systems has to be stated and might be 

disregarded (for example intersection crashes for rear-

end AEB systems), depending how the effectiveness 

is defined. The degree of detail of the target situations 

depends on the degree of detail of the databases used 

for identifying these situations. For example, in the 

case of low speed AEB, if in-depth crash databases are 

used, low speed rear-end crashes could be the target 

situations. In case a less detailed crash database is 

used, rear-end crashes in urban areas could be 

considered as relevant target situations. 

 

2. Establishing the reference situations (without 

the system): Once the TS have been identified, the RS 

have to be established. The RS represent the concrete 

situations to which the system is added in the next step 

of the process. They usually involve situations in 

which an accident has already happened or defined 

critical driving situations that can potentially lead to a 

crash. Most of the systems that are currently being 

evaluated address warnings, corrections or avoidance 

manoeuvers that are activated in critical situations, a 
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few seconds before a potential crash. Systems like 

speed limiters which act for longer periods of time and 

not especially during a critical situation are less often 

in the scope of current practices. 

 

In this step there are some studies that establish RS 

without the use of simulation to modify real accidents 

or real critical situations. In this case, the RS 

correspond to the reconstruction of real accidents or 

real critical situations without changes in the variables 

that characterize what happened. Some other studies 

involve the use of simulation to modify real accidents 

(investigated and coded in crash databases) or critical 

situations (investigated in other databases than crash 

databases) and generate RS that do not necessarily 

correspond one-to-one to the initial real situations for 

instance by using stochastic simulation to vary some 

of the parameters of real accidents in order to dispose 

of more RS or to alter the exposure distribution of RS. 

Furthermore, simulation is also used to recreate the 

relevant processes that intervene in TS and literally 

generate virtual RS i.e., situations that do not have 

their origins in crash situations that have already 

happened in real life. For example, simulating a 

collision between a vehicle and a pedestrian crossing 

the street in which the relevant processes such as street 

geometry, the vehicle trajectory, pedestrian trajectory 

and kinematics, and etc., are generated rather than 

taken from accident databases. It involves simulating 

pedestrians crossing a street and vehicles circulating 

that street and literally waiting for the accident to 

happen.  

  

According to this, the following three general ways of 

establishing RS were noticed:  

 

a) No simulation involved to modify or to 

generate more RS.  

b) Simulation used to modify or to generate RS 

from real accidents.  

c) Simulation used to generate RS from the 

understanding and modeling of the relevant 

processes that intervene in the TS.  

 

3. Establishing the modified situations (with the 

system):  Simulation is used by all participants to 

perform the third step, to estimate what the outcomes 

of the RS would have been with the safety system 

present i.e., modified situations (MS). Since the 

simulation of the MS encompasses adding the system 

to the representation of RS, the level of simulation 

complexity and the level of details depend on the way 

the RS have been represented in the second step.  

 

4. Comparison and safety assessment (including 

interpretation of results): The last step of the overall 

process consists of estimating system effectiveness by 

quantifying the potential for crash avoidance and 

injury mitigation. For this purpose, the outcomes of 

the RS and MS are compared in terms of trajectories 

and parameters describing the pre-crash and crash 

phases as explained at the beginning of this section.   

 

Categories and classification of specific approaches 

Although the overall approach is very similar for the 

interviewed parties, there are some differences when it 

comes to the use of simulation and specific 

approaches. In an effort to generalize such differences, 

four types of approaches were categorized according 

to the use of simulation to establish RS and generate 

MS (figure 3). Please note that some of the methods 

and processes might be between two categories or 

might involve some deviations.  

 

 
 

Figure 3. Classification of the different levels of 

effectiveness assessment according to their use of 

simulation 

 

Level 0: Use of expert opinion to estimate the 

potentially addressed situations 

P.E.A.R.S. focuses on the assessment of ADAS and 

safety systems effectiveness by virtual simulation. 

However, the effectiveness is sometimes done based 

on sole experts’ opinion. In this approach, experts 

analyze accident data and estimate the safety benefit 

of a given system by roughly calculating the 

percentage of crashes that could be potentially 

addressed by the system. It mostly relies on 

experience, and experts do not employ virtual 

simulation nor are they interested in having a very 

accurate number on the safety benefit. This approach 

can be considered as the level 0 of the use of virtual 

simulation. 

 

Overall method: In this method, the objective is to 

find rough estimations of the share of accidents that 

are potentially addressed by a system. It starts by 

identifying the target situations that could be 

potentially addressed by the system which is done 
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based on the experts’ opinions and personal 

experience. If the system seems promising, the expert 

looks into accident databases and comes up with rough 

estimations of the maximum benefit of the system i.e., 

a percentage of the addressed accidents that could be 

prevented or in which injuries could be mitigated by 

the system.  

 

This level 0 might be sufficient in case the target 

population is very low. In this case, it is also a low cost 

approach as it consumes little time. 

 

Level 1: Use of simulation to establish the MS 

In this approach, the first step consists of having an 

expert look at the accident databases to identify the 

situations that could potentially be addressed by the 

system (TS). 

 

In the second step the RS correspond to the real 

accidents that have been reported in the accident 

databases; the number of RS is the same as the number 

of reported real-world accidents.  At this point, the RS 

are represented and modelled in terms of parameters 

that can be found in the accident databases such as 

collision speed, ∆v, collision angle, and so on. Some 

studies go further and introduce these parameters into 

a model of vehicle dynamics to do a simplified 

reconstruction of the RS. One could argue that there is 

some simulation involved to perform the 

reconstruction. However, simulation is not used to 

modify and generate more RS but to reconstruct and 

recreate real accidents in order to have a more detailed 

description of the RS—which is useful for the third 

step. 

 

In the third step, the system is added to the RS and 

simulation is used in order to generate the MS and 

estimate the outcome i.e., what would have happened 

if the system had been in place. Necessary inputs to 

simulate the addition of the system include, but are not 

limited to: (1) the system’s description which can be 

simple at a conceptual level or more complex at a 

technical level including information about the 

sensors, the real algorithms, and the actuators of the 

system, (2) the driver model which represents the 

driver behavior during the situation. The level of 

complexity and sophistication of the simulation of the 

MS can vary, it usually depends on the way the RS 

have been modelled and represented.  

 

In the final step, the outcome parameters of the RS and 

the MS are compared, and the safety assessment is 

completed. In order to estimate whether collisions are 

avoided, the trajectories of MS are compared with the 

original trajectories of the RS. To estimate if collisions 

are mitigated (reduction of injury severity or 

fatalities), the outcome parameters of both situations 

such as ∆v and their corresponding values in the injury 

risk function are compared.  

 

The four steps of this approach and their use of 

simulation is shown in Figure 4. 

 

 
 

Figure 4. Level 1: Use of simulation to establish 

the MS 

 

Example: The SIMPATO Safety IMPact Assessment 

TOol developed for the interactIVe project is an 

example of this type of approach [9]. 

 

Overall method: In SIMPATO, the target situations 

are the crashes taken from a representative set of 

accident scenarios derived from the German In-Depth 

Accident Study (GIDAS) in which the system to be 

assessed is not present. The RS are represented by the 

reconstructions of the pre-crash phases of the vehicles 

involved in the target situations in terms of initial 

conditions and driver interventions before collisions 

provided by GIDAS. To determine what would 

happen if an ADAS or safety system had been present 

and to establish the MS, the data from technical and 

user-related tests on the ADAS and safety system, and 

models that describe the vehicle dynamics and driver 

behavior are used. The final step consists of comparing 

the RS and MS and determining the potential 

effectiveness of collision avoidance and collision 

mitigation by an ADAS and safety system. 
 

Specific application: SIMPATO has been used to 

assess the expected safety impacts of several ADAS 

and safety systems that play a role in rear-end 

collision, i.e., CS (continuous support), RECA (Rear 

end collision avoidance), CMS (Collision mitigation 

system and ESA (Emergency steer assist). The target 

situations comprise 360 accidents reported in GIDAS 

in which the front passenger car had exactly one 

collision with the rear of another passenger car. The 
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reference situations are represented by the 

reconstruction of the pre-crash phase and some other 

data provided by GIDAS, such as the trajectories of 

the two vehicles without the ADAS and safety system, 

the speeds of the two vehicles just after collision, 

layout and severity of the accident.  

 

To establish the MS, a model is used to simulate and 

calculate the dynamics of the rear vehicle with the 

ADAS or safety system present. For a warning system, 

the probability that the driver reacts to the warning, the 

driver reaction times to the warning, and the strength 

of the driver reaction—in this case braking action— 

are determined with interactIVe user tests. For an 

intervention system, the moment when the ADAS or 

safety system intervenes and the strength of the system 

intervention are determined with interactIVe technical 

tests. Then the effectiveness of collision avoidance 

and collision mitigation by each ADAS or safety 

system is evaluated. The model allows evaluating if 

the collision is avoided (if the rear vehicle with the 

ADAS or safety system comes to a standstill before 

hitting the lead vehicle).  

 

Figure 5 shows the results for a rear-end situation 

without and with RECA, showing the longitudinal (a) 

and lateral (b) positions of both vehicles against time, 

and the warning and intervention time points. In this 

case the RECA system intervenes by steering and 

avoids the accident. The longitudinal motion is 

unchanged as no braking has been applied.   

 

When the warning/intervention of the system still 

leads to a collision, the change in injury severity 

(potential effectiveness of collision mitigation) is 

evaluated using the relationship between injury risk 

functions and ∆V and comparing the ∆V of the RS and 

the ∆V of MS. For interactIVe, the change in severity 

was modelled as an ordered factor response -from 

uninjured to fatally injured. Hence the ∆V observed in 

testing were used to predict the changes in injury 

levels for the specific rear-end population.  

 

Figure 6 illustrates the outcomes of accident situations 

for rear end collision by every ADAS or safety system 

under consideration in the interactIVe project. As it 

can be seen, there is a high potential for accident 

prevention, especially for ADAS or safety systems 

that intervene.  

 

 
 

Figure 5 Results of for a rear-end collision situation 

without and with RECA taken from (SIMPATO, 

2015) 

 

 
 

Figure 6. Results of SIMPATO assessment for rear 

end collisions by ADAS and safety systems 

(SIMPATO, 2015) 

 

Level 2: Use of simulation to generate RS and MS 

based on real accidents 

As in all categories, the first step starts by looking at 

the accident databases and identifying the situations 

that could potentially be addressed by the system. The 

main difference in this category is in the second step 

in which simulation is used to modify the real accident 

situations, in order to generate RS. For this purpose, 

some evaluators use the GIDAS based Pre-Crash-

Matrix (PCM) database. In the PCM database, which 

consist of a subset of GIDAS cases, up to five seconds 

before the crash is coded in time-series format. This 

allows reproduction and simulation of pre-crash-

sequences in virtual simulation.  
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To establish the RS some of the participants start by 

increasing the level of safety of the real crashes 

involving “old fleet” in order to achieve the current 

safety level of modern fleet for all the real accidents 

reported in the database. Others directly start by using 

stochastic or “Monte-Carlo” simulation to create 

random scenarios based on marginal distributions 

from real accident samples. In this step “virtual” RS 

are generated based on real accidents. The number of 

“virtual” RS can be higher than the number of real 

accidents from the databases; it can also happen that 

the simulation procedure leads to the fact that no 

longer all of the simulated situations end up in a 

collision.   

 

The third step in which the system is added to the RS 

to generate the MS is basically the same as in the 

previous category. However, the participants that use 

the PCM have a very detailed description of the RS 

and consequently their modelling and simulation of 

the MS is more sophisticated.  The final step is the 

same as in the previous category (figure 7). 

 

 
 

Figure 7. Level 2: Use of simulation to generate RS 

and MS based on real accidents 

 

Example: The PRAEDICO (PRediction of Accident 

Evolution by Diversification of Influence factors in 

COmputer simulation) methodology developed by 

Autoliv is used for the estimation of how much 

(present and future) active and passive safety measures 

will reduce the risk of sustaining accidents and injuries 

[10]. It is given here as an example of level 2 even 

though it is to a certain extent also close to level 1. 

 

Overall method: The target situations are also taken 

from the real accidents—involving vehicles in which 

the system is not present— reported in the GIDAS 

database. This method also uses accident situations 

from PCM. The major difference is the use of 

simulation to generate RS. Here, a driver model directs 

a vehicle dynamics model along a given trajectory. 

This allows to modify driver behavior or to generate 

variations of given scenarios. By investigation of 

variations, confidence levels of simulation result can 

be determined. Moreover, near-crash scenarios can be 

derived. Relevant scenarios are selected as the RS 

which represents the baseline data. Then, the system is 

added to the RS and simulation is done to establish the 

MS. The final step consists of comparing the RS and 

MS and determining the potential effectiveness of 

collision avoidance and collision mitigation by an 

ADAS or active safety system 

 

Figure. 8 shows the overall method as presented by 

Autoliv. 

 

 
 

Figure 8. PRAEDICO method for effectiveness 

assessment according to Autoliv 

 

Specific application: the use of PRAEDICO to assess 

the expected safety impacts of a warning system and 

Automatic Emergency Brake (AEB) in intersection 

situations (left turn across path and straight crossing 

path [11],[12]). As an example, for left turn across 

path, system effectiveness was calculated when: 1) the 

turning vehicle is equipped with the system, 2) the 

oncoming vehicle is equipped with the system and 3) 

both vehicles are equipped with an ADAS or active 

safety system (see Figure 9). 

 

 
 

Figure 9. Left turn across path situations analyzed by 

the PRAEDICO method 
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The definition of the TS also starts by looking at the 

real accidents reported in accident databases. Real 

accidents from databases are reconstructed and 

parameterized. In the next step the system(s) are added 

to the RS and simulations are completed to establish 

the MS.  For the effectiveness assessment, (1) collision 

avoidance and (2) collision mitigation by the system(s) 

are evaluated by comparing the trajectories of the RS 

and MS and by comparing injury functions and both 

∆v respectively. Moreover, the car fleet penetration 

equipped with the system is also taken into 

consideration.  

 

Level 3: Use of simulation to generate RS and MS 

from the understanding and characterization of 

processes 

As in the previous approaches, the first step also 

begins with the identification of TS that could be 

positively affected by the system. An additional stage 

in this step is to analyze accident data, studies on 

driver behavior, and other relevant data to generate 

plausible hypotheses that consider how the system can 

mitigate or avoid collisions in the TS.  

 

Opposed to the previous methods, the second step is 

not exclusively based on accident situations reported 

in databases but on the understanding and the 

characterization of the relevant processes and 

contributing factors involved in the TS. Once such 

processes and factors are understood, the situation is 

modeled and simulated to generate RS. Stochastic 

(Monte-Carlo) simulation is used to vary the 

characteristics of the simulations (driver and vehicle 

characteristics, vehicle trajectories, traffic 

characteristics and environmental variables) and 

generate different contexts. When the simulations for 

generating situations are performed, only a small 

minority of situations end up in a collision. The RS can 

then be defined as the situations in which a collision 

occurs but they can also be defined as critical 

situations only, without any subsequent crash (Figure 

10). 

 

Example: BMW’s holistic vehicle safety 

methodology [13-16].  

 

Overall method: The first step in this method is to 

identify the target scenarios that could be positively 

affected by a proposed ADAS or safety system. It 

involves prioritizing target scenarios based on 

statistics from existing databases and generating 

plausible hypotheses concerning how a proposed 

system would avoid or mitigate collisions in the TS. 

Moreover, it helps to understand the mechanisms and 

the processes that intervene in these situations. In the 

second step, all (if possible, otherwise some) 

important processes that contribute to accident risk 

and that can be influenced by the system within the TS 

are characterized, modelled and reconstructed.  The 

third step is what distinguishes this method the most; 

it consists of using stochastic simulation to generate 

the situations based on the understanding and 

modelling of the processes that intervene in the TS. 

These TS situations that are not exclusively based on 

real accident situations as it is the case for the previous 

approaches. Like in the previous method, the 

generated situations include collisions and non-

collisions and thus the RS have to be selected from the 

whole range of generated situations. The system is 

then added to the RS and stochastic simulation is once 

again used to generate the MS. The final step is the 

integration of supporting and classical analyses to 

calculate the collisions avoided, collisions mitigated, 

and newly created crashes. One advantage of using 

these “virtual experiments” is the possibility to address 

false-positives and true-negatives.   

 

 
 

Figure 10. Level 3: Use of simulation to generate RS 

and MS from the understanding and 

characterization of processes 

 

Specific application: The use of BMW’s holistic 

method to assess the effectiveness of pedestrian 

protection devices in a mid-block crossing from right 

to left by a single pedestrian. The type of situation is 

illustrated in Figure 11.  

 

 
 

Figure 11. Mid-block crossing from right to left by a 

single pedestrian [16] 
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Once the TS have been defined, the next step consisted 

of identifying all the processes (at least some) that 

intervene in the situations, characterizing them, and 

modeling them as a sequence of states subject to both 

deterministic interactions and stochastic influences. 

The following elements are needed [13]. 

 

 Street and scenario: Sidewalk geometry, 

number/width of lanes in each direction, speed 

limit, infrastructure, visibility restrictions, 

crosswalks and road curvature.  

 Traffic context and traffic state: The traffic context 

is generated from an exposure model which 

includes time of day and day of the week. The 

traffic state is generated from a traffic model and 

includes traffic volume, mean and standard 

deviation speed, and percentage of inebriated 

drivers. 

 Pedestrian attributes: age, gender, fatigue, and 

alcohol level.  

 Pedestrian modeling:  The pedestrian is assumed to 

observe the traffic stream and decide when to cross 

depending on traffic volume, level of alcohol and 

etc. Some of the processes that use stochastic 

models include pedestrian perception of distance 

and the speed of approaching traffic stream, 

pedestrian gap acceptance, pedestrian trajectory 

and kinematics, and pedestrian monitoring of 

approaching vehicles. 

 Driver modeling:  Some of the processes include 

driver perception and reaction to a pedestrian, the 

spectrum of possible actions taken by the driver in 

response, the efficiency of these actions, and the 

probability that braking assistance systems will be 

triggered.  

 Vehicle modeling: For this situation, the vehicle is 

assumed to travel in a straight line and the 

dimensions are the ones of a typical midsized 

vehicle.  

 System modeling: The model considers the 

probability that the system will detect a potential 

collision and warn the driver. Also the range of 

possible effects of the warning on the driver’s 

perception reactions processes and the spectrum of 

possible actions taken by the driver in response are 

taken into account.  

 

A first step in the validation of the overall simulation 

fidelity was done by comparing the RS with the gold 

standard of empirical data from accident databases. 

The RS are 3042 collisions that resulted from 1 million 

simulated crossings. They were compared with a 

subset (n=110) of GIDAS vehicle-pedestrian frontal 

collisions. Figure 12 compares the cumulative 

distributions of the initial vehicle speeds of the 3042 

simulated collisions that represent the RS with the 

initial speeds of the GIDAS subset.  

 

 
Figure 12. Comparison of cumulative frequencies of 

initial vehicle speeds in pedestrian crossing collisions 

from Monte-Carlo simulation and GIDAS 

database [13] 

 

Figure 13 compares the cumulative distributions of 

collision speeds of the 3042 simulated collisions that 

represent the RS with the collision speeds reported in 

GIDAS.  

 
Figure 13. Comparison of cumulative frequencies of 

collision speeds in a subset of pedestrian crossing 

collisions from Monte-Carlo simulations and GIDAS 

database [13] 

 

DISCUSSION 

 

Each of the different approaches for the process of 

effectiveness assessment via virtual simulation offer 

advantages and drawbacks i.e. some of them might be 

less time consuming also but less realistic. To 

determine which approach is more appropriate for a 

specific need, an evaluation of the approaches is 
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needed. The following criteria to help this evaluation 

have been identified:  

 

 Thoroughness and completeness: Criterion that 

considers if the approach includes or deals with all 

or nearly all elements or aspects of the target 

situations; it evaluates if the approach is fully 

comprehensive. 

 

 Understandability: Criterion that considers if the 

approach itself is clear and easy to understand. Can 

people that have never used the approach before 

understand the process of the approach? 

 

 Interpretability: Criterion that considers if the 

results of the approach are clear and easy to 

interpret. Can people that have not done the 

effectiveness assessment look at the results and 

understand the relevance? 

 

 Operation capability: Criterion that evaluates the 

degree of operation capability of the approach. Can 

people that have never used the approach easily be 

trainind to use it? Are there specific conditions for 

the use of the approach for instance specific 

software, specific data, etc. Is there enough 

guidance and a defined structure? 

 

 Usability: Criterion that considers how easy and 

pleasant the approaches are to use. It covers 

whether or not the user finds the approach efficient 

and easy to learn.  

 

 Degree of automation: It evaluates the level of 

automation of the whole process. Are the 

difference steps automated? Or do they need a lot 

of manual work?  

 

 Generalizability: Can the approach that was 

developed for specific cases (situations) be 

generalized and used for other situations? 

 

 Flexibility: Criterion that indicates whether the 

general approach is rigid or can be adjusted 

according to available data, used statistical 

techniques, and used driver-vehicle-road-traffic 

models. 

 

 Fidelity: To what extent do simulations in the 

approach are close to reality.  

 

 Accuracy: Criterion that evaluates the extent to 

which the values obtained with the approach match 

the true values. Are they biased? Are they precise 

or bound with a large confidence interval? 

 

 Time consideration and ability to go back in time 

before the collision/critical situation: As we move 

from passive systems to active systems, preventive 

systems, connected systems, and automated 

vehicle systems, the need to go back in time before 

the crash-phase (or critical situation) becomes 

essential. This criterion considers the ability to go 

back in time and to account for behavioral 

adaptations and the effect of systems that play a 

role in safety for longer periods of time rather than 

just a few seconds prior to the impact (or road-off).  

 

 Resources required: Criterion that considers the 

resources needed by the approach. Such resources 

include: (1) amount time invested by the person(s) 

doing the assessment, (2) amount of running time 

required to perform computational processes, (3) 

amount of money necessary for the approach 

associated to software licenses, to tests, the 

acquisition of specific databases, etc. At this point, 

it is important to take into account the ratio 

between resources invested and results obtained. 

 

 Validation: Criterion that evaluates the way the 

processes and the results of an approach are 

validated. 

 

 Granularity: Level of detail in the data, the 

situations under examination, the models, the 

statistical techniques, etc. 

  

The evaluation of all approaches according to these 

criteria have not been performed and will constitute a 

next step in the analysis. It should allow identifying 

the best practices depending on objectives, research 

questions, and customer’s expectations. 
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ABSTRACT 
 
Market share of electrically propelled vehicle is increasing due to high oil prices and environmental concerns. These 
electrically propelled vehicles demand to ensure high safety of electric energy storage system, high voltage system 
and mechanical structure which is equivalent to existing ICE vehicle. 
Due to these social demands, UN/ECE WP29 GRSP established the Electric Vehicle Safety (EVS) Informal 
Working Group (IWG) in 2012 and finished phase1 discussion to enact Global Technical Regulation (GTR) for 
safety issues of electric vehicle by 2016. 
Fire resistance test for REESS which is one of the test items of UN R.100 was proposed to EVS GTR. Since Korea 
proposed the LPG burner fire test of Korea Motor Vehicle Safety Standard (KMVSS) as an alternative to the 
gasoline pool fire test of UN R.100, this study was carried out to prove the equivalent thermal energy between the 
gasoline pool fire test and LPG burner test. 
 
 
INTRODUCTION 
 
The fire resistance safety test for traction battery was 
started in South Korea since 2009 for the first time in 
the world and is using an LPG burner. Korea 
proposed the LPG burner fire test as an alternative to 
the gasoline pool fire test in EVS GTR. 
 
A comparison of thermal energy was needed for the 
equivalence of both tests. Firstly, the thermal energy 
of gasoline pool fire test according to UN R.100 and 
that of LPG burner fire test according to KMVSS was 
compared by CFD simulation. Secondly, the heat flux 
of both tests was measured and compared.  
 
The performance of the LPG burner was further 
improved with the ratio control system for control the 
LPG mass flow rate. In this study, fire tests were 
conducted with traction battery mockup. 
 
KMVSS ARTICLE 18-3 TRACTION BATTERY  
 
The necessity of the legislation for safety standards of 
traction battery came to the fore since HEV were 
propagated to public organizations and provincial 
governments in the capital region by the Ministry of 
Environment, 2004. The Ministry of Land, Transport 
and Maritime Affairs consigned KATRI the 
government project and KATRI carried out research 
on the development of safety assessment procedures 
for HEV from Oct. 2006 to Sep. 2008. During this 
project, KATRI conducted research on not only 

traction battery but all aspects of Hybrid vehicles. 
Furthermore, figured out deficiencies of the safety 
standards and submitted a complement to safety 
standard proposals. Consequently, the Korean 
government revised the KMVSS 8 Articles in Jan. 
2009. At that time, articles on definitions, motor and 
transmission system, brake system, fuel system, 
motor power and EMC were revised, and high 
voltage electric device and traction battery were 
newly included. Also, seven test procedures were 
revised according to the revision of KMVSS in Feb. 
2009. After that, the Korean government revised the 
KMVSS articles and test procedures in 2014 through 
research on the development of safety evaluation 
technology for hydrogen fuel cell vehicle and the 
monitoring of electric vehicles on roads. 
 
 
 
 
 

Table1. 
Summary of KMVSS related to traction battery 

 
 

Article Description 

Article 2 
Definition 

“Traction Battery” means the energy 
storage system of electrical energy 
to propel a vehicle 
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Article 18-3 
Traction 
Battery 
(REESS) 

General Structural Requirements 
Traction batteries in a vehicle shall   
meet each of the following 
requirements. 
1. The batteries should be separated 
from a passenger compartment by 
bulkheads or protective plates. 
2. The batteries should be equipped 
with functions to prevent an 
overcharge or over-current 
exceeding the range specified in the 
design. 
3. Traction batteries should be free 
of the possibility for fire or explosion 
that can take place in physical, 
chemical, electrical, and thermal 
shock conditions as notified by the 
Minister of Land, Infrastructure, and 
Transport. 

 
Table2. 

Summary of KMVSS traction battery safety test 
(Annex 1 -Part 48) 

 
 

Test Procedure Specimen Criteria 

Drop Drop from 4.9m package 
or system 

Fire & 
Explosion 

Immersion 
Immerse 
completely in 
the salty water 

package 
or system 

Fire & 
Explosion 

Over -
charge 

Charge up to 
150% SOC System Fire & 

Explosion 
Over -
discharge 

Discharge with 
1C rate System Fire & 

Explosion 

Short 
circuit 

Closed circuit 
with total 
resistance of 50 
mΩ or less for 1 
hour 

System Fire & 
Explosion 

Heat 
Exposure 

Exposed to 
80 ℃ heat for 4 
hour 

package 
or system 

Fire & 
Explosion 

Fire 
Resistance 

Exposed to 
flame of  800 
to 1,100℃  for 
2 min. 

package 
or system Explosion 

 
 
 
 
KMVSS Test Procedure Annex 1 
48. Traction Battery Safety Test 
48.7.7 Fire Resistance Test 
 
1. Purpose 

The purpose of fire resistance test is to verify the 
safety of traction battery to secure the evacuation 
time for driver and passengers when vehicle is on 
fire. 
 
2. Test procedure 
(a) The Tested-Device shall be placed on test 
equipment horizontally. 
 
(b) The number of temperature sensors shall be at 
least 5. The sensor locations shall be representative 
locations which cover the whole area of traction 
battery. The sensors shall be placed 25±10mm 
downward from the bottom of traction battery. 
 
(c) Whole bottom area of traction battery shall be 
uniformly heated by flames. 
 
(d) Temperature shall reach 800℃ within 30 sec 
from ignition. Flames with temperature of 800℃ 
shall be maintained for 2 minutes, after that fuel 
supply shall be stopped. After 1 hour from the stop of 
fuel supply, the test shall be terminated. The 
temperature of flames shall not exceed 1100℃. 
 
(e) Check the explosion of traction battery during the 
test and measure the voltage of traction battery before 
and after the test. 
 
3. Review 
The fire resistance test equipment in KATRI is as 
shown Figure 1. The combustion method of this 
equipment is Bunsen burner type which maintains a 
flame temperature of 800℃ to 1,100℃ by supply of 
LPG with a ratio control system. 
 

  

Figure 1. LPG test equipment and test scene 
 
The KMVSS fire resistance test equipment is 
appropriate for most traction batteries, unless the 
battery is larger than the burner. 
 
 
 

Table 3. 
Various traction batteries that can be tested with 

LPG burner 
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Appearance specification 
RAY (M1) 

Li-ion 
1.7×1.1×0.3m , 300kg 

360v, 75Ah 

SM3 Z.E. (M1) 
Li-polymer 

1.3×0.7×0.8m, 250kg 
360v, 65Ah 

ELEC-CITY (M3) 
Li-polymer 
Sub Pack. 

1.5×0.9×0.4m , 150kg 
380v, 250Ah 

E-PRIMUS (M3) 
Li-polymer 
Sub Pack. 

1.65×0.7×0.5m, 320kg 
613v, 140Ah 

QTPE-BUS (M3) 
Li-ion 

1.9×1.1×0.5m, 620kg 
591V, 70Ah 

 
 
UN R.100 Fire Resistance 
 
This test procedure, based on existing ECE R-34 
[“Uniform provisions concerning the approval of 
vehicles with regard to the prevention of fire risks” / 
5. Requirements for liquid fuel tanks / Annex 5. 
Testing of fuel tanks made of a plastic material / 
Appendix 1 Test of resistance to fire], was suggested 
by SP Technical Research Institute of Sweden. Test 
procedures are as follows. 
 
Purpose 
The purpose of this test is to verify the resistance of 
the REESS, against exposure to fire from outside of 
the vehicle due to e.g. a fuel spill from a vehicle 
(either the vehicle itself or a nearby vehicle). This 
situation should leave the driver and passengers with 
enough time to evacuate. 
 
Installations 
This test shall be conducted either with the complete 
REESS or with related REESS subsystem(s) 
including the cells and their electrical connections. If 
the manufacturer chooses to test with related 
subsystem(s), the manufacturer shall demonstrate that 

the test result can reasonably represent the 
performance of the complete REESS with respect to 
its safety performance under the same conditions. If 
the electronic management unit for the REESS is not 
integrated in the casing enclosing the cells, then the 
electronic management unit may be omitted from 
installation on the tested-device if so requested by the 
manufacturer. Where the relevant REESS subsystems 
are distributed throughout the vehicle, the test may be 
conducted on each relevant of the REESS subsystem. 
 
Procedures 
1. General test conditions 
The following requirements and conditions shall 
apply to the test: 
(a) The test shall be conducted at a temperature of at 
least 0℃; 
(b) At the beginning of the test, the SOC shall be 
adjusted to a value in the upper 50 per cent of the 
normal operating SOC range; 
(c) At the beginning of the test, all protection devices 
which effect the function of the tested-device and are 
relevant for the outcome of the test shall be 
operational. 
 
2. Test procedure 
A vehicle based test or a component based test shall 
be performed at the discretion of the manufacturer: 
 
(a) Vehicle based test 
The tested-device shall be mounted in a testing 
fixture simulating actual mounting conditions as far 
as possible; no combustible material should be used 
for this with the exception of material that is part of 
the REESS. The method whereby the tested-device is 
fixed in the fixture shall correspond to the relevant 
specifications for its installation in a vehicle. In the 
case of a REESS designed for a specific vehicle use, 
vehicle parts which affect the course of the fire in any 
way shall be taken into consideration. 
 
(b) Component based test 
The tested-device shall be placed on a grating table 
positioned above the pan, in an orientation according 
to the manufacturer’s design intent. 
 
The grating table shall be constructed by steel rods, 
diameter 6-10 mm, with 4-6 cm in between. If needed 
the steel rods could be supported by flat steel parts. 
 
The flame to which the tested-device is exposed shall 
be obtained by burning commercial fuel for positive-
ignition engines (hereafter called "fuel") in a pan. 
The quantity of fuel shall be sufficient to permit the 
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flame, under free-burning conditions, to burn for the 
whole test procedure. 
 
The fire shall cover the whole area of the pan during 
whole fire exposure. The pan dimensions shall be 
chosen so as to ensure that the sides of the tested-
device are exposed to the flame. The pan shall 
therefore exceed the horizontal projection of the 
tested-device by at least 20 cm, but not more than 50 
cm. The sidewalls of the pan shall not project more 
than 8 cm above the level of the fuel at the start of the 
test. 
 
The pan filled with fuel shall be placed under the 
tested-device in such a way that the distance between 
the level of the fuel in the pan and the bottom of the 
tested-device corresponds to the design height of the 
tested-device above the road surface at the unladen 
mass if paragraph vehicle based test above is applied 
or approximately 50 cm if paragraph component 
based test above is applied. Either the pan, or the 
testing fixture, or both, shall be freely movable. 
 
During phase C of the test, the pan shall be covered 
by a screen. The screen shall be placed 3 cm +/- 1 cm 
above the fuel level measured prior to the ignition of 
the fuel. The screen shall be made of a refractory 
material, as prescribed in Annex 8E - Appendix 1. 
There shall be no gap between the bricks and they 
shall be supported over the fuel pan in such a manner 
that the holes in the bricks are not obstructed. The 
length and width of the frame shall be 2 cm to 4 cm 
smaller than the interior dimensions of the pan so that 
a gap of 1 cm to 2 cm exists between the frame and 
the wall of the pan to allow ventilation. Before the 
test the screen shall be at least at the ambient 
temperature. The firebricks may be wetted in order to 
guarantee repeatable test conditions. 
 
If the tests are carried out in the open air, sufficient 
wind protection shall be provided and the wind 
velocity at pan level shall not exceed 2.5 km/h. 
 
The test shall comprise of three phases B-D, if the 
fuel is at least at temperature of 20 ℃. Otherwise the 
test shall comprise four phases A–D. 
 
Phase A: Pre-heating (Figure 1) 
 
The fuel in the pan shall be ignited at a distance of at 
least 3 m from the tested-device. After 60 seconds 
pre-heating, the pan shall be placed under the tested-
device. If the size of the pan is too large to be moved 
without risking liquid spills etc. then the tested-
device and test rig can be moved over the pan 
instead. 

 

 
 
Figure 2. Phase A: Pre-heating 
 
Phase B: Direct exposure to flame (Figure 2) 
 
The tested-device shall be exposed to the flame from 
the freely burning fuel for 70 seconds. 
 

 
Figure 3. Phase B: Direct exposure to flame 
 
Phase C: Indirect exposure to flame (Figure 3) 
 
As soon as phase B has been completed, the screen 
shall be placed between the burning pan and the 
tested-device. The tested-device shall be exposed to 
this reduced flame for a further 60 seconds.  
 
Instead of conducting phase C of the test, phase B 
may at the manufacturer’s discretion be continued for 
an additional 60 seconds. 
 
However this shall only be permitted where it is 
demonstrable to the satisfaction of the Technical 
Service that it will not result in a reduction in the 
severity of the test. 
 

 
 
Figure 4. Phase C: Indirect exposure to flame 
 
Phase D: End of test (Figure 4) 
 
The burning pan covered with the screen shall be 
moved back to the position described in phase A. No 
extinguishing of the tested-device shall be done. 
After removal of the pan the tested-device shall be 
observed until such time as the surface temperature of 
the tested-device has decreased to ambient 
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temperature or has been decreasing for a minimum of 
3 hours. 
 

 
 
Figure 5. Phase D: End of test 
 
Review 
As examined previously, ECE R-100 fire resistance 
test procedure is complicated compared to LPG 
burner test. However, one cannot say that gasoline 
pool fire test is severe because it is more complicated. 
Compared both tests with CFD simulations and 
actual heat flux measurements. 
 
COMPARISON THERMAL ENERGY BY CFD 
SIMULATION 
 
FDS Simulation modeling 
The Fire Dynamics Simulator (FDS) and Smoke view 
are the products of an international collaborative 
effort led by the National Institute of Standards and 
Technology (NIST) and VTT Technical Research 
Centre of Finland. Fire Dynamics Simulator is a 
computational fluid dynamics (CFD) model of fire-
driven fluid flow. FDS solves numerically a form of 
the Navier-Stokes equations appropriate for low-
speed (Ma < 0.3), thermally-driven flow with an 
emphasis on smoke and heat transport from fires. 
FDS has aimed at solving practical fire problems in 
fire protection engineering, while at the same time 
providing a tool to study fundamental fire dynamics 
and combustion. This software is used for simulating 
the gasoline pool-burning. 
This simulation was performed by numerical 
modeling method used in 3D CFD. Also, gasoline 
fuels were also analyzed using a combustion model. 
The computational fluid dynamics tools used in the 
simulation were applied to the analysis using NIST's 
FDS and total six cases of studies were conducted. 
The total number of gratings is about 729,000 ~ 
3,136,000 which varies depending on the size of 
analytical model. 
 
ANSYS FLUENT software 
ANSYS Fluent incorporates a comprehensive suite of 
reacting flow-modeling capabilities and simulates 
gaseous reactions using either reduced or complex 
chemistry. Pollutant models are built in to allow easy 
and accurate pollution emission predictions for NO, 
SO and soot. This software is used for simulating the 
LPG burner test. 

Test configuration 
The gasoline combustion model analyzes chemical 
species for gasoline, nitrogen, oxygen, carbon 
monoxide, carbon dioxide, water vapor, and soot. 
The ambient temperature was set to 20℃. 
The following figure shows the sizes of the mockups 
and pools used in the analysis. The small mockup is 
300x200x300mm. Its pool size is 700x600x130mm. 
Fuel Quantity is 10.5ℓ. 
 

 
 
Figure 6. Dimension of small pool & mockup 
 
The large mockup is 1,000x1,000x200mm. Its pool 
size is 1,500x1,500x130mm. Fuel Quantity is 56.25ℓ. 
All pools were filled with water and fuel, height was 
25mm each. 
 

 
Figure 7. Dimension of large pool & mockup 
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The following figure shows the entire modeling 
geometry used in the gasoline pool fire CFD 
simulations, including fan, mockup, and screen 
geometry, corresponding to Phase A, B, and C, 
respectively. 
 

 
Phase A 

 
Phase B 

 
Phase C 

 
Figure 8. CFD modeling shapes of gasoline test 
 
Small pool simulation 
The following figure shows the indoor test results for 
small pool free burning and the temperature 
distribution of CFD results. The efficiency of 
gasoline combustion is set to 85%. The result of 
actual test and the CFD simulation were very similar 
as shown in the graph. Upper graph is the real 
burning test and the bottom is the CFD result. 
 

 
 
Figure 9. Graph of combustion test & CFD 
simulation in a small pool 
 

 
 
Figure 10. Figure of combustion test & CFD 
simulation in a small pool 
 

Large pool simulation 
The following figure shows indoor test results for 
large pool free burning and temperature distribution 
of CFD simulation. The efficiency of gasoline 
combustion is set to 90%. The result of actual test 
and the CFD simulation were very similar as shown 
in the graph. Upper graph is the real burning test and 
the bottom is the CFD result. 
 

 
Figure 11. Graph of combustion test & CFD 
simulation in a large pool 
 

 
 

 represents the thermal energy passing through the 
reference area per unit time and the unit is [w]. 

 is the specific heat of the mixed combustion gas 
in units of [J/kg-℃]; T is the temperature of the 
mixed combustion gas in [℃]; ρu·dS is the mixed 
combustion gas passing through the reference area. 
Mass flow rate in [kg/s]. Through the calculation of 
heat flow, the thermal energy appearing in the 
gasoline test (Phase 1, 2, 3) is expressed as a 
quantified value. This is compared with the 
quantified value of the LPG test in KMVSS and the 
total amount of heat energy received from the outside 
of the mockup can be compared. 
 
Comparison of gasoline and LPG test 
Table 4 shows the heat flow received by battery 
mockup per unit time for each test. The ECE R100 
test is a simulation result for gasoline combustion and 
KMVSS shows the simulation results for LPG fuel 
(30kg/h per nozzle module). The thermal energy 
measurement location is 25 mm vertically downward 
from the bottom surface of the battery mockup and 
the calculated area of the thermal energy is the 
projected area of the bottom of the battery. The size 
of the battery mockup is divided into small (300 x 
200 x 300mm) and large (1000 x 1000 x 200mm). 



 

MOON 7                                                                                                                             

Gasoline combustion test shows that direct exposure 
(phase b) is more powerful than indirect exposure 
(phase c) and large size mockup with cross-section 
has more power than small size mockup. 
 

Table 4. 
Heat flow received by battery mockup per unit 

time 
 
 

 Heat Flow [kW] 

Parameter 
ECE R100 KMVSS 

Phase B Phase C LPG 
Small Pool 26  20  16.5  
Large Pool 160 105 118 

 
Table 5 shows the comparison of the thermal energy 
received by the battery mockup and the combustion 
exposure time of each test method is applied to the 
heat flow. ECE R100 is 3,020 kJ in the small mockup 
and 2,227.5 kJ in the KMVSS. In the large mockup, 
R100 is 17,500 kJ and KMVSS is 15,930 kJ. 
 

Table 5. 
Thermal energy received by battery mockup 

 
 

 
 
Table 6 shows the heat flux and the energy density of 
the energy converted into thermal energy per unit 
area in order to compare the thermal energy received 
from the battery mockup. The energy density of the 
ECE R100 is 53,667 kJ in the small size mockup, 
37,116 KJ in the KMVSS. In the large mockup, R100 
is 17,500 kJ and KMVSS is 15,930 kJ. The energy 
density of small pool and mockup is higher than the 
large one. 

 
Table 6. 

Thermal energy density received by battery 
mockup 

 

 
 
 
THE EQUIVALENCE OF BOTH FIRE RESISTANCE 
TESTS 
 
Tests were conducted to measure the heat flux for 
comparing gasoline and LPG combustion test. Table 
7 shows two tests. In the heat flux test, the gas supply 
was gradually increased to find the proper flow rate 
of LPG corresponding to the heat flux of gasoline. 
 
Gasoline test procedure is the same as the R100. In 
the LPG burner test, mass flow rate was gradually 
increased from 175 kg/h to 275kg/h by 25kg/h. The 
exposure time at each mass flow rate is 60 seconds. 
Measure the flame temperature of 5 points for 
reference. Verification tests are tested according to 
R100 and KMVSS. Also, measure the temperature of 
5 points. 
 

Table 7. 
Test configuration of heat flux test and 

verification test 
 
 

 
 
Test configuration 
LPG burner’s maximum flow rate is 400 kg/h and it 
is equipped a ratio control system for flow rate 
control. Gasoline pool size was 1,100 x 750 x 
130mm, and the amount of gasoline was about 20 
liters. Mockup size was 888 x 540 x 210mm. The 
heat flux meter made by Medtherm, Gardon Gage. 
The heat flux meter measures up to 100kW/㎡ 
through the window 60° VA. 
The location of heat flux sensor is decided by the size 
of mockup and distance from surface of flame. LPG 
and Gasoline tests are same. Distance is decided by 
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FTP code1(Thermal radiation test supplement to fire 
resistance tests for windows in "A", "B" and "F" class 
divisions). In FTP code (Fire Test Procedures code), 
guidance for determining a distance from flame. 
 

 
 
Figure 12. Figure of window 60° VA of heat flux 
meter 
 

 

 

 

 
Figure 13.Ttest configuration of heat flux test  
 
Test result 
In LPG burner test, mass flow rate was gradually 
increased from 175 kg/h to 275kg/h by 25kg/h. The 
exposure time at each mass flow rate is 60 seconds. 
Measure the flame temperature of the 5 points for 
reference. The larger the flow rate, the larger the 
flame. 
 

 

 

Figure 14. Comparison of LPG flame size 
according to supply flow rate 
 
Gasoline test procedure is the same as the R100 
including phase a, b and c, which are pre-heating, 
direct exposure, and indirect exposure. Measure the 
flame temperature of 5 locations for reference. 
During the phase C (indirect exposure), flame is 
much smaller than direct exposure. 
 

 
   <Direct exposure>      <Indirect exposure> 

 
Figure 15. Comparison of gasoline flame size with 
direct exposure and indirect exposure 
 
Heat flux and temperature in gasoline test 
Temperature is left side index and heat flux is right 
side index. The above uneven lines indicate 
temperature measured at 5 points. The blue line at the 
bottom is heat flux. 
 

 
 
Figure 16. Heat flux of gasoline pool fire test 
 
Heat flux and temperature in LPG test 
The red line at the bottom is mass flow rate. Each 
step has 25kg/h increased mass flow rate. Heat flux is 
constant during in each 60 seconds and heat flux and 
temperature are dependent on mass flow rate. 
 

 
 
Figure 17. Heat flux of LPG test according to flow 
rate 
 
Comparison of Heat flux 
Heat flux of Gasoline is blue line, around 25~ 50 
kW/㎡ and irregular peak heat. Heat flux of LPG is 

red line, around 30 to 40 kW/㎡. The heat flux shows 
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a stable variation by the flow rate. Red number is 
mass flow rate. The mass flow rate was increased 
every 60 seconds. Heat flux rate goes up when gas 
flow rate is increased. 
 

 
 
Figure 18. Comparison of heat flux of gasoline pool 
fire and LPG test 
 
CONCLUSION AND FUTURE RESEARCH PLAN 
 
To determine representative value of heat flux, heat 
flux was integrated at each time. At the mass flow 
rate of 200kg/h in LPG burner, heat flux integral is 
almost equivalent to gasoline. 
 

Table 8. 
Comparison of heat flux integration 

 

 
 
Measuring the heat flux has limitation. The test 
measures the radiant heat from the flame surface, so 
the inside heat flux of flame is unknown. Gasoline 
has lower flame temperature than LPG at the same 
heat flux, but LPG has higher flame temperature. 
In verification test LPG burner at 200 kg/h with 
mockup, temperature was 850-950℃ which is much 
higher than Gasoline pool fire. 
 

 
 
Figure 19. Limitation of measuring heat flux 
 
According to the result of CFD simulation, the total 
thermal energy density of the LPG burner fire test is 
37,000 kJ/m2 for small mockup and 16,000 kJ/m2 for 
large mockup. In the case of gasoline pool fire test, 
the energy density is 54,000 kJ/m2 for small and 

18,000 kJ/m2 for large. The thermal energy per unit 
area of gasoline pool fire test is 44% higher than LPG 
burner fire test for the small. The gasoline pool fire 
test is 16% higher than LPG burner fire test for the 
large. In order to increase the thermal energy of LPG 
burner fire to the level of gasoline pool fire, the 
performance of LPG burner was improved, including 
LPG delivery nozzle and the heat flux of LPG burner 
fire test was measured by changing the LPG supply 
mass flow rate. 
The result shows that the integral heat flux during the 
test in the condition of 200kg/h in LPG supply mass 
flow was similar to that of gasoline pool fire test. 
 
Heat flux presented as a final result is not enough to 
represent the thermal energy transmitted to a DUT. 
This is because the heat flux measured by heat flux 
meter shows the heat flow rate per unit area of the 
fire source’s cross-section which is certain separation 
distance away from the meter. 
Therefore, the following is planned for the future, the 
comparison and analysis between the thermal energy 
of gasoline pool fire test and that of LPG burner fire 
test in the final improved LPG burner condition by 
using the CFD simulation. 
 
This study shows that the thermal energy equivalence 
of LPG burner fire test and gasoline pool fire test and 
LPG burner fire test are simple, effective and 
economically feasible to achieve the purpose of the 
fire resistance test. 
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ABSTRACT 
 
A human body model of a female post-mortem human subject (PMHS) was created by anthropometric 
scaling of the THUMS adult male 50th perc. finite element model. The kinematic response of the scaled 
human model was correlated by means of PMHS sled tests. The force-displacement responses of the seat, 
the seat belt and an inflatable pelvis restraint cushion (PRC) of the finite element sled model were correlated 
by means of Hybrid III 50th perc. mechanical sled tests.  
 
The scaled THUMS model was positioned in the sled model and its response correlated in 56km/h by means 
of one PMHS test with a standard seat and two PMHS tests with a seat-mounted PRC. Accelerations and 
displacements in the head, chest and pelvis together with pelvis rotations, belt forces and seat forces from 
the model were compared to that of three PMHS sled tests. For the scaled THUMS models, a CORA rating of 
0.75 was obtained using the standard seat and 0.76 using the seat-mounted PRC. 
 
The correlated scaled THUMS model was then used for investigating how the lap belt position and a seat-
mounted PRC affects pelvis kinematics and the risk of submarining. The investigation was carried out for a 
belted passenger side occupant in the vehicle interior of a mid-sized sedan. The risk for submarining was 
measured by recording the distance between the pelvic bone anterior superior iliac spine (ASIS) points to 
three points on the lap belt. 
 
Lap belt positions with the belt midpoint 55mm (baseline) and 86mm (upper) above ASIS were investigated. 
In general, increased pelvis displacements and increased risk of submarining was obtained for the upper 
compared to the baseline lap belt position. Compared to a system without lap belt pretensioner and PRC, 
pelvis displacements were reduced by 12% and 9% using a lap belt pretensioner and by 61% using the PRC for 
the baseline and upper positions respectively. Rearward pelvis rotations were reduced by 56% using the PRC 
for both lap belt positions while slightly increased rearward pelvis rotations was obtained using the lap 
pretensioner. Using both the lap pretensioner and the PRC, pelvis displacements were reduced by 71% for 
the baseline position and by 70% for the upper position. Based on the submarining distance measurement, 
submarining was prevented using the PRC for both lap belt positions. Additional reduction in the risk of 
submarining was obtained by combining lap pretensioning with the PRC. 
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INTRODUCTION 
 
Submarining is the phenomenon of the pelvis sliding 
under the lap portion of the seat belt in a vehicle 
crash. The sliding of the lap belt over the pelvis and 
the following loading to the abdomen was suggested 
as the injury mechanism causing injuries to the 
hollow abdominal organs such as the small 
interstine, large intestine and mesentery [1]. It was 
also found that the risk of AIS2+ injuries to the 
abdominal organs inceased with the increase in ∆V, 
age and, although not statistically significant, BMI. 
No association with submarining-related injuries 
was found for occupant seating location and 
gender. 
 
It has been shown that most occupants in the vehicle 
wear the lap belt well superior of the anterior 
superior iliac spines (ASIS) of the pelvis [2]. Especially 
for older and overweight occupants, the amount of 
soft tissue in the lower abdomen and femur 
prevents fitting of the lap belt in the optimal position 
relative to the pelvic bone. 
 
The pelvis restraint cushion (PRC) is a folded metallic 
sheet metal device which is mounted between the 
seat structure and the seat foam, Figure 3. The PRC 
is designed to add restraining support to the pelvis in 
the inflated state without affecting the seat comfort 
in the folded state. A metallic inflatable cushion was 
evaluated by means of static deployment tests using 
HIII 5th perc. small female dummy, the HIII 50th perc. 
male dummy and PMHS [3]. In the tested occupant 
positions, in-position and out-of-position, low Hybrid 
III dummy lumbar spine forces and moments were 
measured and no injuries in the PMHS were 
observed. 
 
The importance of controlling the pelvis rotation was 
identified using dummy tests and Madymo 
simulations [4]. Submarining was found likely to 
occur when a critical angle between the pelvic bone 
and the lap belt is reached. In addition to the lap belt 
versus pelvic bone angle, increased lap belt force 
resulted in reduced risk of submarining [5]. 
 
One of several mathematical models of humans 
which have been developed to improve the 
understanding of human impact response and injury 
mechanisms is the Total Human Model for Safety 
(THUMS) finite element model [6]. The THUMS 
model represents an adult mid-sized male with 
respect to anthropometry and biomechanical 

properties such as bone stiffness and skin flexibility. 
The bony body parts are modelled using solid 
elements for the trabecular bone and shell elements 
for the cortical bone. Internal organs are modelled in 
a simplified manner by upper abdomen, lower 
abdomen and lungs. The superficial soft tissues are 
modelled using solid elements and the skin using 
shell elements.  
 
The Autoliv THUMS model was derived from the 
THUMS model version 1.4. In-house validations and 
modifications have been carried to improve its 
biofidelity based on results from PMHS tests. The 
predictability of whole-body kinematics of the 
THUMS model was evaluated by means of frontal 
sled tests [7]. The thorax of the THUMS model was 
validated in four table-top, hub, diagonal belt, 
distributed and criss-cross belt [8].  
 
In this study, the first objective was to correlate a 
human body finite element model of a female 
subject with respect to the kinematic response 
and secondly, to use the correlated model for 
investigating how the lap belt position and the use 
of a seat-mounted inflatable pelvis restraint 
cushion affects pelvis kinematics and the risk of 
submarining. 
 
 
METHOD 
 
Correlation of the System FE-Model 
The finite element system model consisted of a front 
passenger compartment of a 2014 Hyundai Elantra 
body-in-white (BiW) with an instrument panel, a 
front seat and a double pretensioned and load 
limited 3-point belt system,  Figure 1. 
 
 

 
 
Figure 1. Passenger side system model 
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The standard seat was modified to incorporate an 
inflatable metal pelvis restraint cushion (PRC, Figure 
2) by reinforcements to the seat frame and the seat 
rails. The folded PRC was inflated using a pyrotechnic 
gas generator, Figure 3. 
 

 
 

Figure 2. Metal pelvis restraint cushion (PRC) in 
the front seat (post test). 
 
The seat, seat belt and PRC models of the system FE-
model were correlated by means of two Hybrid III 
mechanical sled tests in 56km/h using the 
Humanetics Hybrid III 50th %-ile FE-model Version 
7.1.8. The crash pulse approximated that of the 2013 
Hyundai Elantra USNCAP frontal pulse with a peak 
acceleration of 38g. Sled test 284 was carried out 
with the standard seat and sled test 287 with the 
seat mounted PRC [9]. Both tests were carried out 
with the seat in the most rear position using a 3-
point belt system with retractor pretensioner, 4kN 
load limiting and lap belt pretensioner (PLP). No 
passenger airbag was used. 
 

 
 
Figure 3. Folded and inflated PRC in the seat FE-
model. 

 
Anthropometric Scaling of the THUMS AM50 
Model to a Female PMHS 
A female post mortem human subject (PMHS 654) 
was chosen as the target subject for the 
anthropometric scaling of the Autoliv THUMS adult 
male 50th FE-model. This subject was estimated 
suitable as target subject due to its high BMI (27) 
and thus likely increased susceptable to submarine 
because of poor initial belt fit [1,2].  
 
Target subject anthropometric measurement 
according to Table 1 was used to extract a 
detailed target subject from the RAMSIS 
anthropometric database [10], Figure 4. In Table 
1, sitting height, neck length, upper arm length 
and buttock knee length were not known for the 
target subject. Instead these measures were taken 
from RAMSIS database “Germany 2004” for 
females 50-70yrs and reference year 2013. 
Shoulder width deltoidal, hip width and knee 
height were extracted from CT-scan measurement 
of the target subject. 
 

Table 1. 
Target Subject Definition for RAMSIS 

 

Num Body Dimension Subject 654 
(mm) 

1 Body height 1665 
2 Sitting height 880 
3 Head height 210 
4 Head width 145 
5 Head depth 185 
6 Neck length 90 
7 Shoulder width deltoidal 441 
8 Upper arm length 298 
9 Forearm length with hand 425 

10 Forearm circumference 240 
11 Chest width 315 
12 Chest depth 215 
13 Waist circumference 925 
14 Pelvis width 360 
15 Hip width 406 
16 Buttock knee length 606 
17 Knee height sitting 509 
18 Foot height 70 
19 Foot length 230 
20 Foot width (breadth) 82 
21 Upper arm circumference 315 
22 Calf circumference 370 
23 Thigh circumference 570 

Weight (kg) 74 
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Figure 4. RAMSIS CAD-model of the target subject 
PMHS 654 (in THUMS posture). 
 
Using the detailed anthropometric description of 
the target subject (Figure 4), the scaling of the 
THUMS was carried out in four scaling steps: 
 
Step 1: Each body segment was scaled by the ratio 
of its characteristic depth, width and length of 
THUMS to the RAMSIS target subject. Step 2: The 
morphing of the superficial soft tissues for each 
segment of the THUMS was carried out to account 
for the shape of the skin. Step 3: The morphing of 
the pelvic bone was carried out to account for the 
female anthropometry of the PMHS. Step 4: The 
whole body mass of THUMS was scaled to match 
the whole body mass of the RAMSIS target 
subject. 
 
In order to improve the stability of the scaled 
THUMS model in belt to pelvis interactions, the 
pelvis external soft tissue material model was 
replaced by a material model of adipose (fat) 
tissue [11]. 
 
Model Correlation Using the Scaled THUMS 
model to PMHS Sled Tests 
The scaled THUMS model was positioned in the 
correlated system sled model, Figure 5. The 
responses of the THUMS system model was 
correlated by means of PMHS sled tests in 56km/h 
[12, 13]. One sled test was carried out using a 
standard seat and two sled tests with the seat-
mounted PRC, Table 2. All tested PMHS were 
females with a BMI of 22 to 23. Compared to the 
scaled THUMS, the stature of the tested PMHS 
were similar and the body mass lower. 
 
 

 
 
Figure 5. Passenger side system model with 
scaled THUMS. 
 
 

Table 2. 
PMHS sled tests in 56km/h.  

 

Test PMHS DV 
(kph)

Mass 
(kg) 

Stature 
(cm) Age PRC Sub

––-
299 655 56 66,2 171,5 64 No Yes

354 738 56 60,3 167,0 67 Yes No 
358 753 56 64,4 167,0 64 Yes Yes

 
 
All PMHS tests were carried out with the seat in 
the mid position using a 3-point belt system with a 
retractor pretensioner, 4kN load limiting and a lap 
pretensioner. No passenger airbag was used. 
 
Submarining was observed for the PMHS in test 
299. For the two sled tests with the PRC, no 
submarining was obtained in test 354 and a 
submarining unlikely to be injurious in test 358 
[13]. 
 
 
Pelvis and Lap Belt Positions The whole-body of 
THUMS was positioned in the average position 
from the three PMHS. Average positions of PMHS 
anterior superior iliac spine (ASIS), posterior 
superior iliac spine (PSIS) and pubic symphysis (PS) 
VICON measured points were used to position the 
pelvic bone of the scaled THUMS to the tested 
conditions, Figure 6. 
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Figure 6. Pelvis position of the scaled THUMS 
model compared to test data. Average positions 
are indicated with large black circles. 
 
Lap belt angle were calculated using a projection 
into the sagittal (XY) plane of the lap belt 
attachment point and the webbing midpoint, 
Figure 7. Pelvic angle was calculated from the 
center between left and right ASIS to the PS, with 
both points projected to the sagittal plane. Lap 
belt position relative ASIS was calculated from the 
center between left and right ASIS to the belt 
webbing midpoint, with both points projected to 
the sagittal plane. Geometry data for the 
mechanical tests were calculated from processed 
VICON measurements. 
 
 

 
Figure 7. Definition of pelvic angle, lap belt angle 
and lap belt position relative pelvic bone. 
 
A close agreement was obtained for the lap belt 
angles and the lap belt position relative ASIS for 
the THUMS system model compared to the 
average of the tests, Table 3. Initial angle of the 

THUMS pelvic bone was close to the PMHS in test 
354 but smaller than that of the other tested 
PMHS. 
 

Table 3. 
Lap belt geometry and position relative pelvic 

bone. 
 

PMHS 
Test,  

Model

Lap belt 
to ASIS 

dx 
(mm) 

Lap belt 
to ASIS 

dz 
(mm) 

Lap belt 
outboard 

angle 
(deg) 

Lap belt 
inboard 

angle 
(deg) 

Pelvic 
angle

 
(deg) 

299 66 89 54 55 46 
354 108 51 48 50 37 
358 90 17 52 54 48 

Aver. 88 52 51 53 44 
THUMS 101 55 51 57 33 
 
 
Submarining Distance In order to quantify the 
position of the pelvis relative to the lap belt, the 
parameter “Submarining Distance” was used [13], 
Figure 8. In [13] the submarining distance was 
defined as the X-axis position of the right ASIS of 
the pelvis relative to the X-axis position of the lap 
belt at the midline of the subject. In this study, 
the corresponding distance is measured at two 
additional planes, left and right ASIS sagittal 
planes, Figure 9. For all three measurement 
definitions, positive values of the submarining 
distance indicate that the ASIS is forward of the 
lap belt and thus the occurrence of submarining. 
 
 

 
Figure 8. Submarining distance [9]. Positive 
values indicate submarining. 
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Figure 9. Definitions of measurement points for 
calculating the submarining distance. 
 
 
CORA Rating 
The correlation of seat, seat belt and PRC responses 
of the system FE-model was assessed using the 
CORA (CORrelation and Analysis) method [14]. The 
scaled THUMS was then positioned in the correlated 
system model and its responses assessed using 
CORA. 
 
Using this method, the total rating is calculated 
using two correlation metrics, cross-correlation 
and corridor. The cross-correlation metric 
quantifies the correlation of the phase, size and 
shape of the model response to that of the test. In 
the corridor metric, the degree of fit of the model 
response to a corridor, derived from the test 
response, is evaluated. 
 
In this study, the CORA rating for the (Hybrid III) 
system model was derived using 9 responses and 
for the THUMS system model using 11 responses 
(Table 4). The evaluation time window of 0-90ms 
was chosen to avoid the influence on the result 
from the occupant head to the instrument panel 
impact. A total CORA rating was calculated from 
two subcases, occupant response and boundary 
conditions. 
 
 
Parameter Study 
 
A parameter study was carried out to investigate 
the influence of the PRC, the lap pretensioner 
(PLP) and the lap belt position on the risk of 
submarining in 56km/h. The risk of submarining 
was measured using the submarining distance 
parameter. 
 
The three parameters were combined according 
to Table 5. The upper lap belt position (86mm) 
corresponded to a displacement of app. one 
standard deviation from the tested lap belt 

geometries. This distance is also close to the 
highest positioned lap belt (Test 299). 
 

Table 4. 
Hybrid III and THUMS system model responses in 

the CORA rating evaluation 
 

Hybrid III THUMS 
1 Head Res. Acc. 1 Head Res. Acc. 
2 Chest Res. Acc. 2 Chest Res. Acc. 
3 Pelvis Res. Acc. 3 Pelvis Res. Acc. 
4 Lumbar X-Force 4 Head X-Disp. 
5 Lumbar Z-Force 5 Chest X-Disp. 
6 Lumbar Y-Moment 6 Pelvis X-Disp. 
7 Belt Force Shoulder B3 7 Pelvis Y-Rot. 
8 Belt Force Buckle B4 8 Belt Force Shoulder B3
9 Belt Force Lap B6 9 Belt Force Buckle B4 
  10 Belt Force Lap B6 
  11 Seat Res. Force 

 
 

Table 5. 
Parameter study 56km/h 

 

Num PLP PRC Lap belt to ASIS 
dz (mm) 

1 PLP - 55 
2 PLP PRC 55 
3 - - 55 
4 - PRC 55 
5 PLP - 86 
6 PLP PRC 86 
7 - - 86 
8 - PRC 86 

 
 
RESULTS 
 
Correlation of the System FE-Model 
A total CORA rating of 0.82 to 0.88 was obtained 
for the Hybrid III system model, Figure 10 and 
Appendix 1. For the boundary conditions (i.e. belt 
forces), a rating of 0.86 to 0.91 was obtained. The 
total rating was lower for the seat-mounted PRC 
compared to the standard seat. 
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Figure 10. CORA rating for HIII in 56km/h with 
and without the metal PRC. 
 
 
Anthropometric Scaling of the THUMS AM50 
The main anthropometric body dimensions of the 
scaled THUMS are shown in Table 6. Compared to 
the THUMS AM50, the scaled THUMS was shorter 
in height with larger hip width and slightly smaller 
weight, Figure 11 and Figure 12.  
 

Table 6. 
Body dimensions for THUMS AM50 and scaled 

THUMS. 
 

Body Dimension 
THUMS 
AM50 
(mm) 

Scaled 
THUMS 
(mm) 

Scaled 
THUMS 

Perc. (%) 

Body height 1763 1665 77 

Sitting height 915 880 86 

Waist circumference 935 925 69 

Hip width 374 406 70 

Weight (kg) 76 74 - 
 
Compared to THUMS AM50, the morphed pelvic 
bone of the scaled THUMS was app. 18mm smaller 
in the areas of the pelvic wings and the pubic 
arch, Figure 13. 
 
 

 
 
Figure 11. Anthropometry of the THUMS AM50 
model. 
 

 
 
Figure 12. Anthropometry of the Scaled THUMS 
model. 
 
 

 
 
Figure 13. Anthropometry of the pelvic bone for 
the scaled THUMS (in red) compared to THUMS 
AM50 (in grey). 
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Model Correlation using THUMS 
A total correlation rating of 0.75 was obtained for 
the THUMS system model using the standard seat 
and 0.76 using the seat-mounted PRC, Figure 14 
and Appendix 2. Lowest rating was obtained for 
the pelvis y-rotation. 
 

 
Figure 14. CORA rating for scaled THUMS in 
56km/h with and without the metal PRC 
 
For the standard seat, a forward-downward 
trajectory of the upper body and pelvis was 
obtained, Figure 15. For the seat-mounted PRC, 
forward-upward trajectory of the upper body and 
pelvis was obtained, Figure 16. With the seat-
mounted PRC, pelvis x-displacements were 
reduced by 64% in the tests and by 67% in the FE-
model. 
 
 

 
 
Figure 15. Head, T1, T8 and pelvis trajectories in 
the sagittal (XZ) plane for the test and FE-model 
with standard seat in 56km/h. 

 

 
 
Figure 16. Head, T1, T8 and pelvis trajectories in 
the sagittal (XZ) plane for the tests and FE-model 
with seat-mounted metal PRC in 56km/h. 
 
For the seat-mounted PRC, reduced pelvis 
rearward rotation, reduced lap belt force (tests 
only) and increased seat forces was obtained, 
Figure 17 to Figure 19.  
 
 

 
 
Figure 17. Pelvis rotations for standard seat 
compared to seat-mounted PRC (+ rearward 
rotation, - forward rotation). 
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Figure 18. Lap belt force at sill for standard seat 
compared to seat-mounted PRC. 
 
 

 
 
Figure 19. Seat force for standard seat compared 
to seat-mounted PRC. 
 
 
The submarining distance was reduced from 
182mm (indicating submarining) to negative 
12mm (no submarining) and 40mm in the PMHS 
tests,  
Figure 20. For the THUMS model, the submarining 
distance was reduced from 92mm to negative 
values of 22 to 41mm, indicating no submarining. 
 
Belt to pelvis interaction for the standard seat 
compared to the seat-mounted PRC is shown in 
Figure 21. 
 

 
 
Figure 20. Peak submarining distance for 
standard seat compared to seat-mounted PRC. 
 
 

 
 
Figure 21. Belt to Pelvis Interaction at the time of 
0ms, 50ms and 70ms (standard seat left, seat-
mounted PRC right). 
 
 
Parameter Study 
Increased pelvis displacements and increased 
pelvis rotations was obtained for the upper 
(86mm) compared to baseline (55mm) lap belt 
position, Table 7 and Appendix 3. 
 
Compared to the “no PLP, no PRC” combination, 
pelvis displacements were reduced by 12% using 
the PLP and by 61% using the PRC for the baseline 
lap belt position. The corresponding values of 9% 
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and 61% was obtained for the upper lap belt 
position. 
 
For both lap belt positions, larger reduction in 
rearward pelvis rotation was obtained for the PRC 
compared to the PLP, Table 7. 
 

Table 7. 
Peak pelvis displacements and rotations for 

combinations of PLP and PRC (baseline and upper 
lap belt positions). Reduction values (%) are 

calculated with respect to the “No PLP, No PRC” 
combination. 

 

Lap belt 
dz (mm) PLP/PRC Pelvis X-Disp 

(mm) 
Pelvis Y-Rot

(deg) 

55 PLP only 224 (-12%) 28 (+4%) 

55 PLP+PRC 73 (-71%) 14 (-48%) 

55 No PLP,  
No PRC 254 27 

55 PRC only 100 (-61%) 12 (-56%) 

86 PLP only 256 (-9%) 30 (+11%) 

86 PLP+PRC 83 (-70%) 15 (-44%) 

86 No PLP,  
No PRC 280 27 

86 PRC only 108 (-61%) 12 (-56%) 

 
 
For both the baseline and the upper lap belt 
position, the submarining distance increased 
when removing the lap pretensioner (PLP), Figure 
22 and Figure 23. For both lap belt positions, the 
PRC alone was enough to prevent submarining 
and a reduced risk of submarining was obtained 
by the addition of the PLP to the PRC.  
 
In general, the submarining distance increased for 
the upper compared to the baseline lap belt 
position. For all cases, the largest submarining 
distance was obtained for the buckle side 
measurement point (LASIS). 
 

 
 
Figure 22. Peak submarining distances for the 
baseline lap belt position (dz=55mm) 
 
 

 
 
Figure 23. Peak submarining distances for the 
upper lap belt position (dz=86mm) 
 
 
DISCUSSION 
 
A female human body model was created by 
anthropometric scaling of the THUMS adult male 
50th perc. finite element model. The kinematic 
response of the scaled model was correlated by 
means of PMHS sled tests and used for 
investigating geometry and restraint parameters 
potentially influencing the risk of submarining. 
 
With the PRC, increased seat forces and reduced 
lap belt forces (PMHS tests only) leading to 
reduced pelvis displacements and reduced 
rearward pelvis rotations was obtained. Reduced 
submarining distance indicated less risk of the lap 
belt sliding in to the abdomen and thus reduced 



 

Mroz 11                       

risk of submarining. The benefit of the PRC was 
also observed in parameter study where the PRC 
prevented submarining for both the baseline and 
for an upper (30mm raised) lap belt position.  
 
The effect from the PRC was also evaluated in 
20km/h PMHS sled tests for two front seat 
positions, mid- and rearmost [16]. Also in these 
configurations, reduced pelvis displacements and 
reduced risk of submarining was obtained for the 
PRC compared to a standard seat. 
 
Although no effect was found from gender on the 
belt fit nor on the risk of submarining-related 
injuries [2], a female anthropometry was used in 
this study. The effect of larger pelvic size for 
males compared to females should be 
investigated in a future study. 
 
The two lap belt positions investigated in this 
study were both forward and higher than the 
mean position from [2], Figure 24. These positions 
thus covered the lap belt geometry for most of 
the occupants. 
 
 

 
 
Figure 24. Lap belt location for males (+) and 
females (o) [2]. The data points are the location 
of the upper edge of the lap belt. Baseline and 
upper lap belt positions used in this study are 
marked with solid green circles. 
 
Using the sliding scale in [15], a good to excellent 
biofidelity rating was obtained for the Hybrid III 
models (CORA 0.82-0.88) and a good biofidelity 
rating for the THUMS models (CORA 0.75-0.76). 

Low rating was obtained for the head, chest and 
pelvis accelerations due to the noisy signals from 
the THUMS model. Low rating was also obtained 
for the pelvis rotation which can depend on the 
smaller initial pelvic angle (33deg) for THUMS 
compared to the tested PMHS (37-48deg), Table 3. 
The effect of the higher body weight of the scaled 
THUMS (74kg) compared to the tested PMHS (60-
66kg) should also be investigated. 
 
The scaled THUMS corresponded to a 69th perc.  
with respect to waist circumference and to a 70th 

perc. with respect to hip width according to 
RAMSIS anthropometric database “Germany 
2004” for females 50-70yrs and reference year 
2013, Table 6. 
 
The standard seat was reinforced to allow 
installation of the PRC. The effect from the 
reinforcement has not been evaluated. 
 
The results from this study indicate the 
importance of the seat response on the 
restraining of the pelvis for preventing 
submarining. The study also gives important 
insight in the restraining of the lower body for 
future sitting positions in highly automated 
driving (HAD) vehicles where more slouched, and 
even sleeping, occupant positions might be 
common. 
 
 
CONCLUSIONS 
 
Using the pelvis restraint cushion (PRC), pelvis 
displacements were reduced by 61% and rearward 
pelvis rotations by 56%. 
 
Using both the PRC and the lap pretensioner, 
pelvis displacements were reduced by 70%. 
 
The PRC was effective in preventing submarining 
(based on the submarining distance measure). 
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APPENDIX 1 – HYBRID III TESTS AND HYBRID III SIMULATION RESULTS 
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APPENDIX 2 - PMHS TEST AND THUMS SIMULATION RESULTS 

56km/h without Metal-PRC 
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56km/h with Metal-PRC 
 

 

 



 

Mroz 16                       

 

 
APPENDIX 3 – PARAMETER STUDY - THUMS SIMULATION RESULTS 
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ABSTRACT 
 
WorldSID 50th percentile male is the latest state-of-the-art Side Impact Dummy that has been developed in 
order to enhance its similarity to human body performance in a side impact crash test scenario. Recently, the 
dummy manufacturer has released a new version of the Shoulder Clevis and Arm for WorldSID. This new 
shoulder joint improves several known problems from the previous design (especially arm positioning 
difficulties and excessive ease to move due to suit tension). However, the remarkable differences in the 
design may also lead to different arm and shoulder kinematics. 
 
Several OEMs have performed crash and sled tests at IDIADA using this new WorldSID shoulder design. The 
results from these tests have led to believe that there could be a potential difference in the achieved results 
depending on the tested shoulder and arm. Because of this IDIADA has an ongoing research project that aims 
to check the behavior of these parts through back-to-back testing. 
 
This paper includes the results found from several Pendulum tests that were performed at IDIADA using one 
dummy but two different shoulder clevis and arms. Some differences have been found when evaluating the 
reproducibility of these results. However, the authors are aware that these results may be due to the test 
mode that has been used and because of this; further testing will be done (including both Static Deployment 
Testing and Side Sled testing). 
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BACKGROUND 
 
Side Impact Crashes are the second most frequent 
type of crashes (after frontal crashes) that take place 
throughout the world. For example, Side Impact 
Crashes were 25% of the total amount of fatal 
accidents that took place in 2015 in the US [1]. This 
information has been taken from the IIHS (Insurance 
Institute for Highway Safety) which has one of the 
largest databases, in relation to real-world severe 
crash incidents, throughout the world. Other sources 
of information [2] indicate that the before 
mentioned tendency is similar to that of Europe, 
where it is stated that Side Impact tests correspond 
to approximately one quarter of the total amount of 
serious-to-fatal injuries. 
 
It is for this reason that it is very important to 
develop Safety Systems that prevent Occupants from 
injuries during Side Impact Crashes. Because of this, 
and due to the fact that previous side Impact 
Dummies had quite low Biofidelity Ranking values 
[3], the WorldSID 50th percentile male dummy was 
developed. 
 
Since its release, WorldSID has been added in several 
consumer and regulation tests. The first instritution 
to adopt the use of WorldSID was Euro NCAP, who 
included it in its Side Impact Tests (Oblique Side Pole 
and Side AE-MDB test in 2015. On the 23rd 
December 2015 the oblique pole test with WorldSID 
50th became in force for ADR 85/00 although it is 
not going to be mandatory in MA, MB and MC new 
model vehicles until the 1st November 2017 [4].  
WorldSID is also expected to become mandatory to 
be used in UN  R135 as part of the EU type approval 
in 2020 [5]. In the United States, the latest Request 
for Comments on the USNCAP announcement 
indicates that this dummy will be used in 2019/2020 
[6].  
 
In March 2016, the Anthropomorphic Test Device 
(ATD) supplier released a new WorldSID 50th 
percentile shoulder clevis and arm [7]. These parts 
had been designed by the supplier in conjunction 
with the WorldSID ISO Task Group in order to solve 
some recurring issues that could be found in 
previous versions of this part.  The new Shoulder 
Clevis counts with larger holes and plunger ball. 
Images of the old (top) and new (bottom) shoulder 
clevis designs may be found in Figure 1: 
 
 

 

     
 
Figure 1.  Images of the Old WorldSID 50th 
Percentile Shoulder Clevis Design (top) and the 
new one (bottom) 
 
For the time being, both the old and the new 
shoulder clevis and arm components are considered 
to be indistinctively acceptable by Euro NCAP.  
However in 2018 Euro NCAP will only accept the use 
of the new shoulder clevis design.  Many OEMs had 
already started their development with the old 
WorldSID Shoulder design and need to know the 
differences they may find with the new clevis as it 
will be the one to be used in the official testing 
program. 

Recently, several development tests using both 
WorldSID shoulder versions have been performed at 
IDIADA. The results from these tests have lead to 
OEMs doubting on the consistency in the results 
found when using one version or the other. The arm 
movement that is achieved when using both 
shoulder joints seems to be slightly different which 
may lead to differences in the testing results.  

OBJECTIVE 

Arm movement is a critical factor for the 
development of Side Impact Passive Safety systems 
in order to enhance vehicle safety. This fact is due to 
the fact that the interaction between arm and side 
airbag highly defines the intrusion levels seen by the 
occupant’s ribcage. Because of this, this study has 
been carried out in order to check the performance 
differences found between the two versions of the 
WorldSID shoulder clevis via back-to-back testing. 
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The results of these tests will be used to evaluate the 
differences between parts, if existing; identify the 
consequences of the new shoulder clevis 
implementation and validate if they can be used 
indistinctively without finding test result disparities. 

Finally, a basic repeatability analysis of both 
shoulder clevis has also been done. However, the 
authors are aware that there is a limited data set in 
order to do this evaluation (2 repetitions per test 
mode) and the results can only give a preliminary 
conclusion. 

METHODOLOGY 

In order to evaluate the differences between the 
above mentioned shoulder joints, several pendulum 
tests were performed at IDIADA (similar 
configuration to [8], [9]). These tests were done in 
the same test setup, using the same WorldSID 
dummy but changing the shoulder joint and arm. 
Note that all tests were carried out twice to ensure 
repeatability. 

The pendulum tests were carried out using the 
Standard 23.4 kg pendulum rig (Standard pendulum 
for male dummy calibration).  Given that the 
objective of these tests was not to correlate the 
results with a crash test, but to obtain an extensive 
data set in different test configurations two random 
test speeds were chosen. These speeds correspond 
to the impactor release heights of: 1 metre and 1.5 
metres. 

Due to the fact that, WorldSID is not able to sit freely 
without a backrest as it is too flexible and bends 
forwards, it was decided to carry out all Pendulum 
tests with the dummy seated on the WorldSID 
Standard Calibration bench. In this way, the seating 
position was kept constant in all tests. Also, in order 
to assimilate the studied test mode to that of a Euro 
NCAP Pole Test, the pendulum impact angle was of 
75º. In all tests the arm was positioned in the same 
way as in the Euro NCAP Protocol. 

On the other hand, as it was believed that the main 
areas of interest when studying WorldSID’s arm 
movement and overall performance are found  
under high loading of the shoulder and thoracic ribs; 
these two areas were chosen as impact points. In 
Test Set-Up 1 the pendulum hit against the Shoulder 
Bolt whilst in Test Set-Up 2 the Impact Point was the 
Mid Thoracic Rib.  

Images showing the test set-up may be found in 
Figures 2 found below: 

 
 

 
 
Figure 2.  Images of pendulum test set-ups in 
Position 1 (Shoulder Impact – Top) and Position 2 
(Thorax Impact – Bottom) 
 
The test matrix that was followed in this first phase 
of the project may be found in Table 1: 

 
Table 1. 

Pendulum Test Matrix 
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RESULTS 

The data from this study show the comparison 
between the results of the WorldSID 50th percentile 
using two different level shoulder joints. This data 
will be useful in order to validate if both designs are 
comparable and show consistent results. This 
conclusion can be helpful in order to decide the 
feasibility of using both versions indistinctively for 
future side impact testing protocols. 

Preliminary analysis of the test results from the 
above mentioned pendulum tests have shown 
differences between the values obtained when using 
one WorldSID shoulder clevis or another. As shown 
in graphs 3 to 7, the values achieved from testing the 
new shoulder clevis (red and burgundy curves) tend 
to have a greater amplitude than the green curves 
(corresponding to the old shoulder clevis design). 

 
 
Figure 3.  Shoulder Force in Y Test Mode: Mid 
Thoracic Rib Impact Point – Height 1m 
 

 
 

Figure 4.  Shoulder Displacement Test Mode: Mid 
Thoracic Rib Impact Point – Height 1m 
 

 
 
Figure 5.  Shoulder Rotation in Z Test Mode: Mid 
Thoracic Rib Impact Point – Height 1m 
 

 
 
Figure 6.  Upper Thoracic Rib Displacement Test 
Mode: Mid Thoracic Rib Impact Point – Height 1m 
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Figure 7.  Upper Thoracic Rib Rotation Test Mode: 
Mid Thoracic Rib Impact Point – Height 1m 
 
Given these results, it was decided to evaluate the 
Repeatability and Reproducibility of the test results. 
The evaluation of these results were done by 
evaluating the coefficient of variation percentage 
(CV%). The coefficient of variation shows the extent 
of variability in relation to the mean of the 
population [10]. The formula that has been used for 
this calculation is as shown below in (Equation 1): % = · 100      (Equation 1)  

Where σ is the standard deviation and µ corresponds 
to the mean. 

The CV% was calculated using the data for each test 
mode (both repetitions of each arm) in order to 
evaluate the repeatability of each arm. Following to 
this, the global statistical values were calculated in 
order to assess the reproducibility level between 
arms. These results were then graded according the 
categorical categorization found bellow: 

 
 
 
 
 
 

Table 2. 
Coefficient of Variation (CV%) Categorical Scale 

 
As shown Annex A of this paper, the results from 
this evaluation show Good or Excellent results for 
repeatability. However, when comparing the 
results from both arms, unacceptable levels of 
variability are found. Nevertheless, if this data is 

analyzed in detail, it can be seen that most 
statistical anomalies correspond to the test done 
in Position 2 at 1 m height. For this reason, the 
authors believe that there must be a specific 
problem with this particular test that can be 
misleading during the data analysis. 

DISCUSSION AND LIMITATIONS 

As to the limitations of this project, it is important 
to highlight that the test modes that have been 
studied are very simplified scenarios that cannot 
fully represent a full vehicle crash test. However, 
for the purpose of this study, the main objective 
has been to identify the difference between the 
two studied shoulder clevis designs and not to 
correlate these results with those from crash and 
sled testing. The number of test repetitions that 
has been performed is also low. Further test 
repetitions would be needed in order to complete 
the repeatability analysis. 

Also, due to time constraints, the only results that 
have been included in this Written Paper have 
been those corresponding to the first phase of the 
project (pendulum tests). The authors are aware 
that these tests are the less representative tests 
when compared to a real crash scenario and the 
most inadequate test modes to simulate real 
occupant arm interaction with vehicle interiors 
and restraint systems and because of this, further 
testing will be performed (see Section “Next Steps 
and Future Work” from this document) and more 
results will be presented during the Oral 
Presentation of this paper. 

CONCLUSIONS 

The preliminary results from this study have shown 
that some differences may be found when using one 
shoulder clevis and arm, or another. However, the 
authors believe that these differences may be due to 
dummy-pendulum positioning variability or the 
speed tolerance used in these tests. Because of this, 
further testing activities will be performed, as 
explained in the section Next Steps and Future Work 
from this paper. Most of the statistical anomalies 
that have been found are mainly related with the 
test in position 2 (Impact Point: Mid Thoracic Rib) 
where the pendulum was released from a height of 
1m test. In particular, the values for the rib 
displacements seem to have the highest variability.  

 

Category CV% Level 
CV% ≤ 5% Excellent 

5% < CV% ≤8% Good 
8% < CV%  ≤ 10% Marginal 

CV% >10% Unacceptable 
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NEXT STEPS AND FUTURE WORK 

In order to ensure data completeness and that the 
test results are representative of real crash 
scenarios, additional activities will be done so as 
to perform an in-depth comparison between both 
WorldSID Shoulder Clevises, These activities will 
be split in several phases, as explained below:  

Phase II – Static Deployment Tests 
 
In the second phase of this project, a series of 
back-to-back static deployment tests will be 
performed. Two different vehicles will be used for 
phases II and III of this study. Vehicle I is a large 
Pick-up while Vehicle II is a small vehicle. The 
reason behind using these two vehicles is to 
compare the effect of the change in the shoulder 
joint that is being used when there is a high 
intrusion (small car in Euro NCAP Pole Test Mode) 
versus a low intrusion load case (Pick-up car in 
Euro NCAP AE-MDB Test Mode). One of the 
options that is being discussed in order to 
evaluate this difference more precisely is to move 
the vehicle door trim closer to the dummy so that 
the restraint system deploys once the vehicle 
intrusion level has been simulated. 
 
With these considerations in mind, the test matrix 
that will be followed for this phase will be as 
follows:  
 

 
 

Table 3. 
Future Work – Static Deployment Test Matrix 

 
 
 
 

Phase III – Side Sled Tests 
 
In the third phase of the project, IDIADA will perform 
Side Sled Tests in order to evaluate the differences in 
the injury results that are found when testing using a 
WorldSID with the first design of shoulder clevis and 
the latest design. By performing Side Sleds, it will be 
possible to achieve a better picture of the situation 
that will be found in full-scale crash testing whilst 
ensuring a better test performance repeatability and 
a minor economic impact for the OEM. The test 
matrix to be followed in this phase is currently being 
defined by the project members and the OEM that 
has partnered with IDIADA for this work.  
 
Phase IV - Comparison of the results 
 
Lastly, before reaching the project closure; the 
authors would like to compare the results found 
through this research project and several 
development tests that are being performed in 
IDIADA’s crash and sled test facilities. In this way, 
it will be possible to evaluate whether the 
conclusions found in the project are in line with 
other OEM experiences and evaluate the impact 
of the results from a global and objective point of 
view.  
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ANNEX 1: TEST SUMMARY 

Repetitivity ARM1 ARM2 Repetitivity GLOBAL STATISTICS 

KN TEST standard dev. %CV CV quality a b a b standard dev. %CV CV quality Average Standard dev. %CV CV quality 

FSHLDYmin 

POS1 1m 0,00 0,77% Excellent -0,56 -0,56 -0,62 -0,66 0,02 2,61% Excellent -0,6008 0,0424 7,05% Good 

POS1 1,5m 0,00 0,38% Excellent -1,16 -1,15 -1,23 -1,19 0,02 1,83% Excellent -1,1827 0,0322 2,72% Excellent 

POS2 1m 0,03 7,35% Good -0,39 -0,45 -0,62 -0,66 0,02 2,61% Excellent -0,5314 0,1128 21,24% Unnacceptable 

POS2 1,5m 0,03 3,20% Excellent -0,79 -0,84 -0,81 -0,83 0,01 1,65% Excellent -0,8158 0,0209 2,56% Excellent 

Repetitivity ARM1 ARM2 Repetitivity GLOBAL STATISTICS 

mm TEST standard dev. %CV CV quality a b a b standard dev. %CV CV quality Average Standard dev. %CV CV quality 

DSHLDYmin 

POS1 1m 0,09 0,89% Excellent -10,82 -10,63 -10,88 -11,74 0,43 3,80% Excellent -11,0175 0,4272 3,88% Excellent 

POS1 1,5m 0,11 0,44% Excellent -25,06 -25,28 -26,04 -25,28 0,38 1,48% Excellent -25,4150 0,3719 1,46% Excellent 

POS2 1m 0,40 4,76% Excellent -8,01 -8,81 -10,89 -11,75 0,43 3,80% Excellent -9,8650 1,5131 15,34% Unnacceptable 

POS2 1,5m 0,68 4,19% Excellent -15,56 -16,92 -14,92 -15,41 0,25 1,62% Excellent -15,7025 0,7417 4,72% Excellent 

Repetitivity ARM1 ARM2 Repetitivity GLOBAL STATISTICS 

mm TEST standard dev. %CV CV quality a b a b standard dev. %CV CV quality Average Standard dev. %CV CV quality 

DTHR1Ymin 

POS1 1m 0,07 0,88% Excellent -8,06 -7,92 -6,68 -6,86 0,09 1,33% Excellent -7,3800 0,6153 8,34% Marginal 

POS1 1,5m 0,15 0,81% Excellent -19,27 -18,96 -17,18 -17,96 0,39 2,22% Excellent -18,3425 0,8275 4,51% Excellent 

POS2 1m 0,25 2,63% Excellent -9,57 -9,08 -6,67 -6,82 0,08 1,11% Excellent -8,0350 1,3027 16,21% Unnacceptable 

POS2 1,5m 0,07 0,41% Excellent -18,41 -18,56 -16,55 -17,84 0,65 3,75% Excellent -17,8400 0,7917 4,44% Excellent 
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Repetitivity ARM1 ARM2 Repetitivity GLOBAL STATISTICS 

deg TEST standard dev. %CV CV quality a b a b standard dev. %CV CV quality Average Standard dev. %CV CV quality 

RTHR1Zmin 

POS1 1m 0,07 1,89% Excellent -3,78 -3,64 -3,36 -3,16 0,10 3,07% Excellent -3,4850 0,2410 6,91% Good 

POS1 1,5m 0,26 3,92% Excellent -6,27 -6,78 -4,93 -5,88 0,47 8,75% Marginal -5,9676 0,6781 11,36% Unnacceptable 

POS2 1m 0,07 1,83% Excellent -3,90 -3,76 -3,37 -3,17 0,10 3,06% Excellent -3,5500 0,2930 8,25% Marginal 

POS2 1,5m 0,04 0,36% Excellent -9,89 -9,82 -9,38 -8,77 0,31 3,36% Excellent -9,4650 0,4463 4,72% Excellent 
 

Statistic Anomalies  Test in Position 2 – 1m 

Repetitivity ARM1 ARM2 Repetitivity GLOBAL STATISTICS 

TEST standard dev. %CV CV quality a b a b standard dev. %CV CV quality Average Standard dev. %CV CV quality 

POS2 1m 

FSHLDY 0,03 7,35% Good -0,39 -0,45 -0,62 -0,66 0,02 2,61% Excellent -0,5314 0,1128 21,24% Unnacceptable 

DSHLDY 0,40 4,76% Excellent -8,01 -8,81 -10,89 -11,75 0,43 3,80% Excellent -9,8650 1,5131 15,34% Unnacceptable 

RSHLDZ 0,25 9,17% Marginal 2,46 2,95 1,08 1,31 0,12 9,62% Marginal 1,9491 0,7784 39,94% Unnacceptable 

DTHR2Y 0,22 3,60% Excellent -6,19 -5,76 -3,00 -3,01 0,00 0,17% Excellent -4,4900 1,4928 33,25% Unnacceptable 

RTHR2Z 0,05 2,16% Excellent -2,60 -2,49 -1,64 -1,53 0,05 3,47% Excellent -2,0650 0,4831 23,40% Unnacceptable 

DTHR1Y 0,25 2,63% Excellent -9,57 -9,08 -6,67 -6,82 0,08 1,11% Excellent -8,0350 1,3027 16,21% Unnacceptable 

RTHR1Z 0,07 1,83% Excellent -3,90 -3,76 -3,37 -3,17 0,10 3,06% Excellent -3,5500 0,2930 8,25% Marginal 
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ABSTRACT 
 
All efforts made until now regarding pedestrian friendly car design focused on the vehicle front. For bicyclists 
it will be the same. All passive and active measures are designed to handle the impact of a pedestrian or a 
bicyclist with the vehicle front which may include the wing area also. Accident research proves this approach: 
It is correct to cover these areas first and with the most effort. But there are certain accident patterns which 
need attention, too. And furthermore, there are already technical measures available which could address 
these accident patterns.  

For this study, the in-depth database of the German Insurers (UDB) was used. It contains a representative 
cross section of all third party insurance claims reported between 2002 and 2012. The analyzed datapool 
contains n=416 bicyclist-car accidents and n=390 pedestrian-car accidents. Data shows the need to address 
the front impact for bicyclists (59%) and pedestrians (59%) as it is done nowadays.  But there are other 
noticeable problems like the rear impact, for example. 17% (n=63) of the car-pedestrian accidents were rear 
impacts where the car was reversing slowly. In 63% of these cases the pedestrians were 69 years or older. 
Almost half of the involved pedestrians suffered MAIS3+ injuries that were all caused by the impact with the 
ground. It was also interesting that one third of the pedestrians that were hit by the rear end of the car were 
not moving as the impact occurred. Another example is the side impact for bicyclists. In 37% (n=139) of all 
bicyclist-car accidents the impact occurred on the side of the car, only 4% (n=15) were rear impacts. 
Noticeable is that in 18% of the cases the bicyclist got hit by the door of the car during door opening.  

The paper will analyse these patterns more in detail and will discuss technical ways to avoid accidents like 
these. Further on full-scale-tests regarding door opening were conducted to get a better understanding of 
kinematics and loads. So it could be shown that the door opening angle has an important influence on the 
kinematics of the bicyclist.  

With “Vision Zero” in mind all road safety potentials have to raise especially these where technical 
“ingredients” are already on the market. Finally it is up to manufacturers, legislation or consumer test 
organizations to identify safety related shortcomings and come up or ask for suitable countermeasures. 
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INTRODUCTION 

The efforts made thus far to design cars with a 
pedestrian-friendly shape have been focused, 
above all, on the front of the vehicle. This will 
remain the primary goal with regard to cyclist 
safety. Consequently, the currently available 
passive and active safety features for cars are 
designed for collisions of pedestrians or cyclists 
with the front of the vehicle, including the wings. 
It has long been clear from the accident research 
that this is the right approach, and that these 
areas of the vehicle have the highest priority and 
require the most work (Kühn, 2004; UDV, 2016). 
However, the findings from the accident research 
also show that collisions between cars and 
unprotected road users include not just frontal 
collisions but other accident patterns that also 
need attention, particularly since technical 
measures can be taken to address these accident 
patterns (Jänsch et al., 2015). 

 

DATABASE 

This study is based on an analysis of the accident 
data of German insurers. The UDB accident 
database used for this contains a representative 
cross-section of all third-party claims reported to 
the GDV in the years 2002 to 2012. Only personal 
injury claims of at least 15,000 euros were 
included. The accident material takes into account 
all types of road users. For the purposes of this 
study, all the collisions of cars with cyclists and 
pedestrians were taken from a total of around 
5,000 accidents involving cars. The underlying 
data pool consists of 416 involving cars and 
cyclists and 390 involving cars and pedestrians.  

 

COLLISIONS BETWEEN CARS AND PEDESTRIANS 

Figure 1 shows the frequencies of different initial 
contact point locations (impact location) on cars 
in collisions with pedestrians. It reveals that 
collisions with the side of a vehicle (side impacts) 
are the second most frequent type at 23%. 
Collisions with the left and right side of the vehicle 
occur with similar frequency, but a significant 
proportion of collisions (17%) occur at the rear 
end of the vehicle (rear impacts). 

 

 

Figure 1: Distribution of impact locations on the car 
(initial impact at the car) in collisions between cars 
and pedestrians 

Collisions between pedestrians and rear ends of 
vehicles 
With regard to the severity of the injuries 
sustained in collisions between pedestrians and 
vehicles, annex 1 shows that 43% of injured 
pedestrians suffered a MAIS 3+ injury in frontal 
collisions. These accounted for 66% of all 
pedestrians with MAIS 3+ injuries in the accident 
material. If we look at collisions with the rear end 
of vehicles, we see that 35% of the injured 
pedestrians sustained MAIS 3+ injuries. These 
accounted for 16% of all pedestrians with MAIS 3+ 
injuries. Collisions with the sides of vehicles came 
just behind. 15% of all pedestrians with MAIS 3+ 
injuries sustained them in this type of impact. 

If we look more closely at the injuries of 
pedestrians in collisions with the rear end of cars 
annex 2, we see that 50% of AIS3+ injuries were 
upper leg injuries. Head injuries were also 
frequent, accounting for 27%. 

The analyses described above show that it is 
worth analyzing rear impacts in further detail. In 
contrast to frontal impacts, for example, 89% of 
rear impacts occurred during daylight hours. 
Further analysis shows that the overwhelming 
majority of the collisions involved low-speed 
maneuvering with virtually no reaction from the 
driver. In 95% of cases, the vehicle was not 
moving faster than 10 km/h. The driver reacted by 
braking in only 7% of these collisions. 

If we look at the accident victims in these 
collisions, we see that 63% of the pedestrians 
involved were at least 69 years old. Children 
under 12 years of age accounted for only 6% of 
the pedestrians involved in these collisions. The 
analyses of the accident material show that the 
age of the driver is not significant. Analyses of the 
gender of the accident victims show that women 
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accounted for 70% of the pedestrians but only 
32% of the drivers involved. 

If you compare only the seriously injured 
pedestrians (MAIS 3+) in frontal and rear impacts 
with each other (figure 2), the percentage for rear 
impacts (35%) is not much lower than that for 
frontal impacts (44%). However, it is noteworthy 
that 86% of the seriously injured pedestrians in 
rear impacts were at least 70 years of age, 
compared with 28% for frontal collisions. 
Although the collision speeds in rear impacts were 
significantly lower than in frontal impacts, the 
advanced age and thus greater vulnerability of the 
injured pedestrians may offer a plausible 
explanation for this. Further detailed analyses 
show that two-thirds of the relevant injuries 
suffered were caused by a secondary impact with 
the ground. In frontal impacts only 10% of injuries 
were caused in this way. 

 

Figure 2: Comparison of the severity of pedestrian 
injuries in rear and frontal impacts 

63% of the vehicles involved in the accidents were 
no more than five years old at the time of the 
accident. Based on the accident dates, the 
vehicles involved in the accidents were therefore 
manufactured in the period from 1997 to 2007. It 
is worth noting that 90% of these vehicles are 
likely to have been without parking sensors or 
reverse assistance cameras. 

To obtain a better understanding of rear impacts 
with pedestrians, it is necessary to study the 
accident locations and driving maneuvers more 
closely. This reveals that this accident pattern can 
be subdivided into two main categories (figure 3): 

• Three-quarters of the cases involved typical 
parking manoeuvres. 

• A quarter of the rear-end collisions did not 
involve one of these parking manoeuvres. In 
these cases, the driver reversed against the 
traffic flow for other reasons, for example in 
order to give other road users priority (e.g. 

ambulances) or to change direction (having 
missed an entrance, for example). 

 
Figure 3: Accident scenarios  in collisions between 
cars and pedestrians involving a rear impact of the 
car 

The most common scenario in the first category 
(typical parking manoeuvres) was parking on or by 
the side of the road. This accounted for 31% of the 
cases. Closer analysis of this scenario revealed the 
following: 
 
• 12% of the pedestrians involved were not 

moving at the time of the accident. 
• 71% of the pedestrians and 31% of the drivers 

were women. 
• 84% of the pedestrians and 12% of the drivers 

were older than 65. 
• 32% of the pedestrians and none of the drivers 

were older than 75. 
• 75% of the pedestrians suffered their most 

serious injuries as a result of a secondary 
impact. 31% of the pedestrians sustained MAIS 
3+ injuries. 

The second most common scenario in the first 
category was parking in a dedicated parking lot 
(belonging to a supermarket or hospital, for 
example). The patterns involved in this scenario 
were very similar to those outlined above: 
 
• 24% of the pedestrians involved were not 

moving at the time of the accident. 
• 64% of the pedestrians and 44% of the drivers 

were women. 
• 69% of the pedestrians and 15% of the drivers 

were older than 65. 
• 56% of the pedestrians and none of the of the 

drivers were older than 75. 
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• 75% of the pedestrians suffered their most 
serious injuries as a result of a secondary 
impact. 38% of the pedestrians sustained MAIS 
3+ injuries. 

 
The driving maneuvers in the second category 
(driving maneuver in the traffic flow) can be 
described as follows: 
 
• All the pedestrians involved were moving at the 

time of the accident. 
• 10 pedestrians (71%) and 4 drivers were 

women. 
• 9 pedestrians (64%) and 1 driver were older 

than 65. 
• Half of the pedestrians involved suffered their 

most serious injury as a result of a secondary 
impact. 

Collisions between pedestrians and the sides of 
cars 
As figure 1 shows, collisions between a pedestrian 
and the left- or right-hand side of a vehicle 
accounted for 23% of the accidents. There is no 
significant difference in the number of cases 
involving the left and right sides of vehicles. 
Children aged 12 or younger were involved in 
twice as many collisions with the right-hand side 
(in 11 cases, accounting for 24% of all accidents) 
as with the left-hand side (5 cases, amounting to 
12% of the total). In 25 of the 89 cases (28%), the 
pedestrian had contact with one of the vehicle’s 
wing mirrors. In over half of these cases (15 out of 
25), the pedestrian was hit only by the wing 
mirror (17% of all side-impact collisions). 
 
The fact that collisions between pedestrians and 
wing mirrors occur repeatedly merits further 
analysis of these accidents. If you look at the 
smooth contours of modern vehicles, it becomes 
clear that the wing mirrors are now the only 
protruding part of the car interrupting these 
contours. They thus have the potential to cause 
injury in collisions with more vulnerable road 
users generally. If we take a closer look at these 
accident (15 cases) situations, the following 
becomes clear: 
 
• The average speed of the vehicles involved in 

these accidents was 40 km/h. 

• The pedestrians were generally injured by the 
secondary impact with the road surface (in 8 out 
of 11 cases). 

• The wing mirrors on the left and right of the car 
were involved in a roughly equal number of 
cases. 

• The average age of the pedestrians was 62. In 3 
out of the 8 cases, the pedestrians sustained 
MAIS 3+ injuries, all caused by the secondary 
impact. 

An analysis of the accidents revealed that some of 
them would not have happened if the cars had 
been equipped with camera monitor systems 
instead of wing mirrors (see examples in figure 4). 
Camera monitor systems will thus help to make 
the contours of vehicles more pedestrian friendly. 
 

 
Figure 4: Examples of collisions between a 
pedestrian and a car`s wing mirror (on the left, the 
pedestrian is walking in the same direction as the 
car is moving; on the right, the pedestrian is 
standing with his back to the vehicle as it moves 
past) 

 

COLLISIONS BETWEEN CARS AND CYCLISTS 

Figure 5 shows the frequencies with which 
different impact locations on cars are involved in 
collisions with cyclists. 37% (n=139) of all 
accidents between cars and cyclists were side-
impact collisions (side impacts), whereas rear-end 
collisions (rear impacts) accounted for only 4% 
(n=15). It is noteworthy that in 18% of the side 
impacts (n=25), the cyclist collided with a door 
that was being opened. These accounted for 
around 7% of all collisions between cyclists and 
cars in which the impact location on the car is 
known (n=377). 24 of these cases occurred on the 
left-hand side of the car. In 23 of these 24 cases it 
was the driver’s door that was hit. However, as 
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with pedestrians, collisions with the front of the 
vehicle clearly dominated. 

 
Figure 5: Distribution of impact locations on the car 
(initial impact at the car) in collisions between cars 
and cyclists 

When we look at injury severity by impact location 
on the car, we see that, as with pedestrians, the 
front of the vehicle dominates (annex 3). In frontal 
impacts 31% of the injured cyclists sustained MAIS 
3+ injuries. These accounted for 69% of all cyclists 
with MAIS 3+ injuries in the accident material. 
Collisions with the sides of vehicles came next. In 
collisions with the left-hand side of the car, 24% of 
cyclists sustained serious injuries (MAIS 3+), and 
in collisions with the right-hand side, it was 19%. 
In rear impacts, 13% of the cyclists were seriously 
injured. 

When we look more closely at collisions with the 
left-hand side of the vehicle, we see that 44% of 
the serious injuries were head injuries. Around 
39% of the serious injuries were to the lower 
extremities. Annex 4 provides an overview of the 
injuries sustained by impact location on the 
vehicle. 

Collisions of a cyclist with a car door that was 
being opened were found to have happened 
almost exclusively on the left-hand side of the 
vehicle, indicating a need for further analysis of 
this accident constellation. Annex 5 shows the 
injuries of the cyclists in these situations by region 
of the body. 

If we compare the severity of the injuries 
sustained by the cyclists in collisions with the 
front of a vehicle with that of cyclists who collided 
with a door, we find a different distribution within 
the two groups (figure 6). On the one hand it is 
noticeable that 21% of all injuries sustained in 
collisions with a car door are MIAS 3+ injuries. 
However, in comparison to that, frontal impacts 
are more severe as they result in 50% more MAIS 
3+ injuries. 

 

Figure 6: Severity of the injuries sustained by 
cyclists in collisions with the driver’s door compared 
with collisions with the front of a vehicle 

When we look more closely at these 24 cases in 
which the cyclist collided with the driver’s door, it 
is noteworthy that in 19 cases (79% of the total) 
the cyclist was riding on the road and attempting 
to pass the parked vehicle. In most cases in the 
material studied, there were no separate cycling 
facilities at the accident location (see examples in 
figure 7). 

 

Figure 7: Two accident locations in the case 
material with typical infrastructure 

Crash tests describing a collision between a 
cyclist and an open car door 
In order to reconstruct the kinematics involved in 
these collisions, crash tests were carried out in a 
project of the Department of Motor Vehicles at TU 
Berlin. A dummy sitting on a bicycle was pulled 
towards an open car door at a speed of around 14 
km/h. The bicycle traveled along a rail until shortly 
before the collision. The dummy was also released 
from its guide rail shortly before the collision. The 
bicycle and dummy were thus able to move freely. 
The angle at which the car door was opened was 
varied. The dummy was fitted with measuring 
equipment. The sequences of images shown in 
figures 8 to 10 clearly show the effect of the angle 
at which the car door is open on the kinematics of 
the cyclist and the final position of the bicycle. 
The points of impact of the cyclist with the car 
door essentially explain the injuries to the head 
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and extremities derived from the accident data 
and shown in annex 5. 

The larger the angle at which the door was open, 
the shorter the distance the cyclist was thrown, 
and in this case the final positions of both the 
cyclist and the bicycle were near the door. 

Figure 8: Collision with a driver’s door open at an 
angle of 26.5 degrees and with a small overlap in 
the handle area of the handlebar 

Figure 9: Collision with a driver’s door open at an 
angle of 45 degrees and with a small overlap in the 
handle area of the handlebar 

Figure 10: Collision with a driver’s door open at an 
angle of 90 degrees and with an overlap half the 
length of the handlebar 

Figure 11 shows an example of the critical times 
and distances involved as a cyclist approaches a 
car. Assuming a reaction time of 1 second to 
recognize the danger (the driver’s door opening in 
this case) and decelerating with 3 m/s², a cyclist 
traveling at 20 km/h would have to be at least 11 
meters from the door in order to avoid an 
accident. On the other hand, at a distance of 6 
meters from the door (i.e. about 3 to 4 meters 

from the vehicle’s rear end), the cyclist would 
have no chance of reducing speed and would 
therefore hit the door virtually without braking. 

 

Figure 11: Simplified avoidability assessment for 
different distances between a cyclist and a car door, 
assuming the cyclist sees the open door, 
immediately initiates an emergency braking and 
comes to a halt (without crashing) 

 

SAFETY MEASURES FOR VEHICLES 

Two measures are discussed below for the 
reversing and door-opening scenarios identified as 
being relevant in the case of these accidents. 

A previous study conducted by the UDV indicated 
the safety potential of generic systems in 
accidents involving cars and pedestrians caused by 
reversing (UDV, 2010). It was found that a driver 
assistance system with functionality based on 
systems already available on the market, which 
detected the presence of people around the rear 
end of the car and automatically initiated targeted 
braking in the event of the threat of a collision or 
prevented the car from starting up, would have 
significant potential to prevent accidents involving 
cars and pedestrians (around 13% of the total). 

There are already technical solutions available on 
the market for the door-opening scenario. These 
warn the driver when vehicles or cyclists are 
approaching (Audi AG, 2016). Much more 
promising, however, are systems that prevent the 
door from being opened in the event of danger. 
The time period required to allow a cyclist is 
relatively short, so there is no reason to expect it 
would be difficult for vehicle occupants to accept 
this (see figure 12). For example, a cyclist at a 
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distance of 6 meters from the door traveling at 20 
km/h would have passed the car in about 1 
second. Even for a slow cyclist (15 km/h), the door 
would only have to remain blocked for a 
maximum of 1.4 seconds. It can be assumed that 
drivers’ acceptance of the system would increase 
once they had experienced its benefits directly. 

 

Figure 12: Theoretical assessment of the time 
required for a cyclist to pass at the point when the 
driver intends to open the door 

In order to achieve the aims of the Vision Zero 
project, increased efforts are needed to exploit all 
potential avenues for improving safety. This 
applies, in particular, to the potential of 
technology that is already available on the market. 
All that has to be done here is adapt existing 
systems to suit relevant accident scenarios. 
Ultimately, it is up to manufacturers, legislators 
and consumer test organizations to identify 
accident scenarios with relevance for safety and 
find or promote suitable measures that will 
improve safety. 
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Annexes 
 
Annex 1 : Injury severity by impact location on the car in collisions with pedestrians 
 

 
 
Annex 2 : AIS 3+ pedestrian injuries by regions of the body and impact location on the car 
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Annex 3 : Severity of cyclists’ injuries by impact location on the vehicle by regions of the body and impact 
location on the car 
 

 
 

Annex 4 :AIS3+ injuries of the cyclists by impact location on the vehicle  
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Annex 5 : Severity of the injuries sustained by the cyclists to different regions of the body in collisions with the 
driver’s door 
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ABSTRACT 
 
The individual performance development of an active safety system and a passive safety system may lead 
comprehensive safety performance insufficient possibilities in the scenario of a variety of collision. The 
independently developed active safety systems and passive safety systems result in the lack of passenger 
protection performance when a collision accident is occurred. In order to complement this, the sharing of the 
collision prediction information or the optimization of the active/passive safety systems should be conducted 
for the injury reduction of passengers. The integrated CAE process for AEB, ASB (Active Seat Belt) and the 
airbag system is composed of the four major components such as a sensor model, traffic simulation model, 
vehicle dynamics model and occupant simulation model. In cooperation with each component, the 
deceleration characteristics of the vehicle are extracted at the time of AEB operation in certain traffic 
conditions. By utilizing the extracted vehicle deceleration characteristics, the kinematics analysis of 
passengers can be carried out. Moreover, the injury of the passenger at collision accident after the 
emergency braking can be simulated and the reduction of injury can be achieved by the activation of the 
restraint system before collision accident. Pre-crash seat belts or active seat belt reduce the forward 
movement of passengers by activating a seat belt retraction before the collision. Neck extension moment 
and neck shear force reduction effect through the reduction of forward movement can also be expected. In 
this study, coupled simulation of the ASB control logic and MADYMO occupant simulation model is developed 
in order to adjust the seat belt retraction strength before collision. A scenario is modeled for a situation of 
applying a 1g brake with an initial velocity of 80 km/h to simulate a 56km/h full frontal crash to stationary 
vehicle in real world. The initial dynamic behavior or movement of the vehicle before crash is simulated by 
using the integrated active-passive safety simulation model. This simulation result data is used as initial 
conditions of MADYMO occupant simulation. The analysis of injury reduction effect was performed by the 
belt retraction control of the ASB. The AEB simulation environment is developed by using the MATLAB / 
Simulink, CarSim and PreScan. The EuroNCAP AEB assessment scenario-based vehicle test data were 
compared with the results of MiLS. It is possible to obtain vehicle deceleration results similar to the actual 
vehicle test. Using the deceleration data of the vehicle during emergency braking through the AEB simulation, 
it was possible to predict the posture change in the passenger. Coupled Simulation between the ASB and 
passenger model can simulate the posture control of the passenger by the ASB control. It is possible to 
confirm the positive effect of injury and kinematics of passengers due to the presence or absence of ASB 
function. The present study can be used for prediction of the passenger kinematics caused by AEB activation 
and for the study of the restraint system in order to reduce the injury during forward collision after 
emergency braking. 
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Background 

AEB (Autonomous Emergency Braking) is a 
representative active safety device fitted to prevent 
the avoidance of frontal collision and mitigating 
severity severity. During the AEB operation, 
conducting a frontal impact on the AEB operation for 
AEB mounted frontal collision mitigation, the results 
of the Daimler Research and Development Study 
were estimated to account for about 30 % of the 
total impact on the overall collision in the German 
fleet. In NHTSA's study, the overall collision rate was 
estimated at about 35 % of the total impact on the 
AEB, mitigating the possibility of mitigating the 
accident. Thus, the AEB has an obvious advantage in 
reducing the impact velocity, but the driver should 
be considered to optimise the safety of all of the 
passengers, and to optimize the safety of all of the 
scenarios that result from the application of the AEB 
due to the application process of the stability of the 
safety system. In the ASSESS (Assessment of 
Integrated Vehicle Safety Systems) project, the 
impact of crash performance assessment and system 
effectiveness was conducted in the event of crash 
performance assessment and system effectiveness. 
In the study, the reduction of the vehicle's kinetic 
energy by decreasing the deceleration caused by the 
reduction of the vehicle's kinetic energy in the event 
of a collision occurred in the event of a collision, but 
the neck injuries indicated overall increases in the 
overall result. The low crash velocity caused by the 
pre-crash brake actuation has confirmed that the 
vehicle occupant has reduced the biomechanical 
injury values of the vehicle occupants. This effect 
was observed in all tests conducted on the ASSESS 
project, but the operation of the pre-crash 
pretensioner was less effective than the pre-crash 
brake application. In a collision test of a full scale, 
the low impact velocity of the brakes resulted in a 
positive impact on the body intrusion and vehicle 
structure, but the movement of the occupant's 
forward movement affected the negative effects of 
the vehicle. It was judged that the shear force of the 
neck was more clearly influenced by this 
phenomenon.In addition, variability in passenger 
behaviour was observed. As a result, the impact of 
the driver's injuries increased by approximately 40 % 
in the crash of the driver's seat after the collision of 
the AEB operation.This is determined by the 
consequence that the restraint is not optimized for 
the collision situation after the emergency braking. 
The ASSESS Project assumes that the operation of 

the pre-crash pretensioner and the forward action of 
the dummy have adversely affected the interaction 
between the airbags and the dummy. In Japan, a 
collision research after the operation of the AEB was 
conducted by using the deceleration sled. During 
normal seat belt application tests, the driver's neck 
injury was closer to the limit of the regulation, but 
the forward movement of the dummy has reduced 
during pre-crash pretensioner seat belt application 
tests. In the event that the active safety system and 
passive safety systems are individually develpoed, 
the overall safety performance in various crash 
scenarios may be deficient. Active, passive safety 
systems that are developed independently may 
undergo deterioration in the occupant protection 
performance after the activation of the active safety 
equipment activated. In order to supplement this, it 
is possible to reduce passenger injury by optimizing 
the operation of the passive safety equipment 
between active and passive systems and the 
actuation of passive safety equipment associated 
with the active safety system. In this study, an 
integrated analysis process for the AEB, ASB and air 
bag systems that correspond to Crash and Crash 
situations was deployed. Following the AEB 
operation, the optimum qualification and operation 
of the ASB to reduce passenger forward movement 
and passenger injury in the collision scenario is 
performed. It is expected that this study will enable 
the study of the occupant behavior of the AEB 
braking scenario and the study of the AEB braking 
profile considering the occupant's behavior in the 
event of an accident. 
 

MiLS (Model in the Loop Simulation) 

An integrated analysis process for the AEB, ASB 
(Active Seat Belt), and an airbag system is 
configured using the following components in the 
figure1. 

 

Figure 1.MiLS Configuration diagram 
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Connect each component to extract the 
characteristics of the vehicle deceleration 
characteristics in the particular traffic scenario. 
Behavior Analysis of passengers aboard the 
vehicle can be performed by using the extracted 
deceleration of the vehicle. Passenger injuries 
were predicted in the collision accident after AEB 
activation and the restraint device combination 
was used to optimize injury improvement. MiLS is 
a method to verify the system and verify the 
design specifications through the model based 
design (MBD, Model Based Design) when the 
design specification is derived at the initial stage 
of system development. The core elements of the 
MiLS for ADAS development and verification 
consist of a vehicle dynamics model, an 
environmental model, an object model, a sensor 
model, and a driver model. In this study, we 
modeled the controller (AEB) through Matlab / 
Simulink, the driver, the vehicle model, the 
actuator with CarSim, the sensor and the driving 
environment model with PreScan.  

Vehicle Dynamic Model 
In this study, we model the mass - production 
vehicle model with CarSim, a vehicle dynamics 
programming tool. CarSim is software that can 
simulate and analyze the dynamic behavior of a 
vehicle on a three-dimensional road surface. If the 
user sets the basic geometry of the vehicle, the 
power train, the road surface condition, the 
driving condition, etc., CarSim calculates and 
simulates the driving situation of the vehicle. 
CarSim has various input and output parameters, 
which makes it easy to integrate with Matlab / 
Simulink in controller configuration. Also, 
preprocessing and post-processing can be 
executed in GUI environment, and it has the 
advantage of fast calculation speed. 

Sensor Model 
The AEB logic of this research performs control 
based on the data measured from the radar 
sensor and the camera sensor. Therefore, we have 
to model radar and camera sensors and use TASS's 
PreScan for this. The radar sensor was modeled 
through the Radar Sensor Model of the Detailed 
Sensor provided by PreScan. The detailed sensor 
simulates the data reflecting the shape 
information of the 3D model of the object being 
measured. Since the radar sensor can simulate the 
damping ratio according to the distance of the 
object measured through the AGM (Antenna Gain 

Map) including the shape information, it is 
possible to implement a similar model to the 
actual radar sensor. The figure below shows the 
AGM (Antenna Gain Map) of the Radar Sensor. 

 

Figure 2. Antenna Gain Map (Radar Sensor) 
 

The camera sensor is modeled through OCS 
(Object Camera Sensor) of Ground-truth sensor 
provided by PreScan. OCS is a sensor that is 
effectively used when the image processing part is 
not included in the algorithm to be simulated. In 
the case of OCS, relative speed and relative 
distance information of the preceding vehicle can 
be obtained without image processing. 

 

Figure 3. Camera Sensor configuration 
 

Target Vehicle Model 
In order to implement AEB logic, a target vehicle is 
required. Since the preceding vehicle does not 
need the implementation of Vehicle Dynamics, it 
implements the driving situation through the 
Speed Profile. In case of CCRm (Car-to-Car Rear 
Braking) scenarios, the speed of 20km / h is set for 
the EuroNCAP scenario. For the Car-to-Car Rear 
Braking (CCRb) scenario, it is set for each 
deceleration. 
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Figure 4. Target Vehicle Model 
 

Establish environment for AEB scenario 

In this study, we use the automatic emergency 
braking scenario based on EuroNCAP to verify the 
AEB logic. The AEB verification scenario 
environment was constructed through PreScan. 
The scenarios are divided into Car-to-Car Rear 
stationary (CCRs), Car-to-Car Rear moving (CCRm), 
and Car-to-Car Rear braking (CCR). Each detailed 
condition is based on EuroNCAP AEB Car-to-Car 
scenario. The AEB logic was verified through a 
total of 18 scenarios for the AEB analysis model. 

 

Analyze AEB Simulation Results 

The simulation environment for AEB algorithm 
verification is composed as shown below. 

 

 

Figure 5. Configuring the AEB simulation 
environment 

 

Since the Actuator is required to follow the 
required deceleration corresponding to the output 
of the AEB algorithm, the required deceleration is 
converted to the master cylinder pressure in units 
of MPa using the vehicle dynamics equation. The 
converted master cylinder pressure was input to 
the Carsim braking system to perform braking.  

CCRs Scenario 
In the case of the CCRs scenario, the car is 
traveling toward the rear of the Euro NCAP 
Vehicle Target (EVT), which is stopped at a speed 
of 10 to 80 km / h. The tests were conducted for 
20km / h, 30km / h, 40km / h and 50km / h 
scenarios. For each scenario, it is confirmed that 

the simulated results are similar to the actual 
vehicle test results. Figure 7 shows simulation 
results of CCRs RV = 50 km / h and comparison of 
actual vehicle test results. 

 

Figure 6. CCRs Scenario 
 

 

Figure 7. Comparison of CCRs RV = 50km / h 
simulation and actual vehicle test results 

 

CCRm Scenario 
In the case of the CCRm scenario, the subject 
vehicle travels toward the rear of the Euro NCAP 
Vehicle Target (EVT), which travels at a constant 
speed of 20 km / h at a speed of 30 to 80 km / h. 
In the case of the actual vehicle test, the test is 
performed for 70km / h and the verification is 
performed for the scenarios of 10km / h, 20km / 
h, 30km / h, 40km / h and 50km / h. As a result, it 
was confirmed that the depreciation rate of the 
simulation result tends to be lower than the actual 
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vehicle test result. However, the overall 
simulation results are similar to the CCRs 
simulation results. 

 

 

Figure 8. CCRm Scenario 
 

CCRb Scenario 
In the case of the CCRb scenario, the EVT is 
decelerated to 2 m / s ^ 2 and 6 m / s ^ 2, 
respectively, while the vehicle and the Euro NCAP 
Vehicle Target are traveling at constant speed 
with an initial relative distance of 12 m and 40 m, 
respectively. 

 

Co-Simulation of ASB (Active Seat Belt) logic and 
occupant simulation 

A pre-crash seat belt or an active seat belt can 
reduce the forward movement of passengers by 
pulling in the seat belt before the collision and 
reduce the necking moment or neck shearing 
force by reducing the forward movement. In this 
study, an analytical model is constructed to 
control the pull - in strength of seat belt before 
collision by interlocking ASB control logic and 
MADYMO which is S / W for analyzing passenger 
behavior. 

 

Analysis of ASB effectiveness 

In order to analyze the ASB effectiveness, we 
analyzed the injury scenario according to the 
presence of ASB in the crash scenarios after 
deceleration to 40kph during 56kph driving. 
Driving and crash scenarios are shown figure 10. 

 

Figure 9. Co-Simulation of ASB (Active Seat Belt) 
logic and occupant simulation 

 

 

Figure 10. Driving and crash scenarios 
 

As shown in the graph below, the injury rate for 
these conditions is reduced by 62% when ASB is 
operated.  

 

 

Figure 11. Rate of injury increase / decrease with 
ASB 

 

In the dummy posture at the time of collision, the 
ASB frontal behavior control effect can be 
confirmed, and the forward mobility reduction can 
be confirmed even in the posture comparison at 
50 ms after the collision. 

In this paper, we analyze the effect of ASB on the 
reduction of injury by controlling the belt pulling 
load by constructing the collision scenario after 
decelerating to 56kph by braking during 80kph 
braking using the deceleration rate data extracted 
from the AEB analysis. We used the scaling of the 
total load and the scaling method of the section. 
Neck injury tended to decrease when the load was 
increased, but chest injuries tended to increase. 

(%)
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Overall injuries were predicted to be equivalent. 
As a result, it was confirmed that the 
improvement rate of the comprehensive injury 
was not large in the loading area which can be 
increased by the present ASB specification, and 
the improvement of the injury according to ASB 
was expected. 

 

Figure 12. Inlet Load per section 
 
 
 

CONCLUSIONS 
 
AEB, Active Seat Belt (ASB), and Airbag System 
(Virtual Tool Chain) are built to extract vehicle 
deceleration characteristics when AEB is operated 
in a specific traffic scenario and ride on the 
vehicle using extracted deceleration 
characteristics analysis and analysis of the 
behavior of passenger were carried out. In case of 
collision after sudden deceleration, the degree of 
injury of passengers was predicted, and the effect 
of injury reduction in applying active seat belt was 
confirmed. The following conclusions were 
obtained. 
(1) The MiLS concept was applied to AEB analysis. 
MiLS developed the system to satisfy the design 
specification through model based design (MBD, 
Model Based Design) at the early stage of system 
development. 
(2) Simulation environment of AEB logic is built 
by integrating MATLAB / Simulink (controller 
model), CarSim (vehicle and actuator model), 

PreScan (driving environment and sensor model) 
and utilizing the actual vehicle test data based on 
EuroNCAP AEB verification scenario , MiLS results, 
and the consistency after the verification. In 
addition, we verified the consistency with the 
actual vehicle test and obtained the same 
deceleration results as the actual vehicle test. 
(3) AEB analysis was used to predict the posture 
change during braking by using the vehicle 
deceleration rate data during braking. 
(4) Through the co-simulation between the ASB 
and the occupant analysis model, it was possible 
to implement the passenger attitude control 
according to the ASB control, and it was confirmed 
that the passenger injury and the behavior 
improvement by the ASB operation were 
improved. 
(5) In this study, predictive analysis of passenger 
behavior connected with AEB operation scenario 
is possible, and it is expected that it can be used in 
AEB braking profile study considering occupant 
behavior and prediction of passenger behavior, 
restraint device for injury reduction in case of 
crash, and passenger behavior do. 
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ABSTRACT 

 

Recently, enhancing the biofidelity of the WorldSID-5th percentile adult female dummy (WorldSID-5th), which 

is an acceptable worldwide fifth percentile adult female side impact dummy, has been investigated and 

incorporating WorldSID-5th in the GTR no.14 pole side impact as a substitute for SID-IIs is considered.  Since 

the torso design and instrumentation for measuring thorax deflection are different between these two dummies, 

it is expected that WorldSID-5th can indicate the improved performance of evaluating thorax injuries.  

The aim of this study was to clarify a difference of performance in evaluating severity of thorax injuries 
between WorldSID-5th and SID-IIs by comparing thorax responses in lateral and oblique impacts. In order to 

understand deformations of ribs, thorax impact simulations were conducted by using WorldSID-5th small 

female dummy FE model v2.0.3 and SID-IIs dummy FE model SBLD v3.3.2, which are developed by 

Humanetics Innovation Solutions Inc. A 13.97-kilogram pendulum with 120.7 mm face was impacted into two 

dummies at the speed of 4.3 and 2.0 m/s, similar to the biofidelity test for thorax without arm shown in 49 

CFR Part 572, Subpart V. The centerline of the pendulum was aligned at the level of the centerline of the 

middle thorax rib in the most lateral side of each dummy. The directions of impacts were set to 0° (pure 

lateral), ±5°, ±10° and ±15°. 

Results from SID-IIs simulations in both high and low speed impacts showed that a thorax deflection measured by 

potentiometers in pure lateral loading is larger than that in oblique loadings. In contrast, thorax deflections measured 

by 2D IR-Tracc from WorldSID-5th simulations in high speed impacts were generally constant with loading 
directions, those in low speed impacts in pure lateral loading are smaller than that in oblique loadings. 

According to published papers, it is known that human thorax response shows larger deflections in the antero-

lateral oblique loadings than that in the pure lateral loadings. Therefore, WorldSID-5th is supposed to be able 

to represent characteristics of human thorax more adequately compared to SID-IIs. Since human thorax 

response in postero-lateral oblique impacts has not been thoroughly investigated, further validation of 

WorldSID-5th will be needed.  

It was clarified that WorldSID-5th can represent human characteristics of thorax response more appropriately 

than SID-IIs. Furthermore, it was shown that SID-IIs has a possibility of underestimating thorax deflection in 

oblique impacts. Therefore, it can be expected that the vehicle performance of occupant protection will be 

enhanced by introducing WorldSID-5th into side impact test protocols sometime in future. 



 

Ikeda  2                                                                                                                                                                                            

INTRODUCTION 

In the United States, according to Fatality Analysis 

Reporting System (FARS) provided by National 

Highway Traffic Safety Administration (NHTSA), 

the number of passenger vehicle occupant fatalities 

in 2015 was decreased by 26.9% compared with 
that in 2006.  Although the number of passenger 

fatalities was dropped by 31.2%, that of driver 

fatalities was only reduced by 23.8% in these ten 

years [1].  

The analysis of fatality and serious injury rate of   

driver by using National Automotive Sampling 

System – General Estimates System (NASS-GES) 

provided by NHTSA [2] shows that a decrease of 

the fatal or serious injured driver rate in side crash 

accidents seems to be small compared to that in 

frontal crash accidents (Figure 1). In addition, the 

number of fatal or serious injured drivers in 
Vehicle-to-Pole/Tree type side crash accidents is 

only 2,479, while that in Vehicle-to-Vehicle type 

side crash accidents is 17,414 in 2015. However, 

the fatal or serious injured driver rate in Vehicle-

to-Pole/Tree accidents is 6.9% while that of 

Vehicle-to-Vehicle accidents is 1.0%. This 

suggests that mitigating the number of fatal or 

serious injured drivers in Vehicle-to-Pole/Tree 

accidents must be focused on, as well as that in 

Vehicle-to-Vehicle accidents.  

 
Figure 1.  Fatal or serious injured driver rate in 

U.S. 

 

It is known that the distribution of direction of 

force in Vehicle-to-Pole/Tree accidents in which 

occupants sustaining AIS3+ injuries shows that the 

pure lateral accounts for 50.8% and the antero-

lateral oblique accounts for 40.0%, respectively 
[3]. Additionally, thorax is the most frequent 

severe injured body region in Vehicle-to-Pole/Tree 

accidents [4, 5]. For this reason, not only human 

thorax responses against pure lateral impacts but 

also those against antero-lateral oblique impacts 

have been investigated. 

Shaw et al. [6] conducted thorax impact tests by 

using seven Post Mortem Human Subjects 

(PMHSs) in which a 23.97-kilogram pendulum 

impacted to the level of the forth interspace of the 

sternum at the speed of 2.5 m/s. Based on results 

from seven pure lateral impact tests and seven 
antero-lateral oblique impact tests, corridors of 

thorax force-deflection responses for each two 

impact configurations were developed. The 

comparison of the averaged maximum forces and 

the averaged maximum deflections between those 

two corridors shows that the averaged maximum 

force in the pure lateral impact is larger than that 

in the antero-lateral oblique impact; in contrast, the 

averaged maximum deflection in antero-lateral 

oblique impact is larger than that in pure lateral 

impact. 

Baudrit et al. [7] conducted twelve thorax impact 
tests in which a 23.4-kilogram pendulum impacted 

to the middle of the sixth rib of PMHSs at the 

speed of 4.2 to 4.4 m/s in pure lateral directions 

and antero-lateral oblique directions. Based on 

these results, four thorax force-deflection corridors 

by combination of two physical sizes and two 

impact directions were developed; the 50 

percentile adult male and the 5 percentile adult 

female; pure lateral and antero-lateral oblique. 

Similar to results from Shaw et al., it was shown 

that the averaged maximum force in a pure lateral 
impact is larger than that in antero-lateral oblique 

impacts, and the averaged maximum deflection is 

larger than that in pure lateral impacts. 

In the aim of mitigating occupant injuries in real 

world side crash accidents, side impact test 

protocols have been introduced. There are two 

principally different test configurations for side 

impact tests. One is called the Moving Deformable 

Barrier test (MDB test) simulating a crash accident 

where the vehicle is collided by the other vehicle 

in its side. The other is called Pole test simulating 

a crash accident where a vehicle collides into a 
utility pole or tree. In United States, those tests are 

introduced by legal requirements FMVSS214 and 

the consumer information tests U.S. new car 

assessment program (U.S. NCAP) and Insurance 

Institute for Highway Safety. 

In order to assess severities of occupant injuries, 

Anthropometric Test Devices (ATDs) have been 

developed. ES2-re and SID-IIs, which were 

introduced by FMVSS214 NPRM released on May 

2004, are used in side crash tests introduced 

presently in United States. As for the replacement 
of those ATDs, WorldSID-50th adult male dummy 

(WorldSID-50th), developed by ISO task group in 
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1997, is planned to be introduced in the future U.S. 

NCAP protocol [8]. Moreover, introducing of 

WorldSID-5th adult female dummy (WorldSID-5th) 

which has been developed by WorldSID 5th TEG 

in the GTR pole test is considered [9]. 

Each rib of ES2-re and SID-IIs which are adopted 
in current side crash test protocols is designed to 

represent a pair of human’s left and right rib by 

using one rib. Thorax deflection selected as an 

index for evaluating thorax injuries is measured as 

a unidirectional deflection between the left and 

right sides of rib for ES2-re, and a unidirectional 

deflection between the most lateral side of rib and 

the spine for SID-IIs. By contrast, WorldSID-50th 

and WorldSID-5th have been designed as a more 

human-like thoracic structure, ribs are separately 

into left and right ribs whose anterior end is 

connected to the sternum and posterior end is 
connected to the spine, respectively. Thorax injury 

measure of WorldSID-50th which is specified in 

Euro NCAP’s protocol is a lateral deflection 

calculated by using outputs measured by 2D Infra-

Red Telescoping Rod for the Assessment of Chest 

Compression (IR-Tracc). 2D IR-Tracc is capable 

of measuring a change of a distance between the 

most lateral point of the rib and the spine, and a 

change of an angle at the most lateral point of the 

rib relative to the spine. Then, the lateral deflection 

is defined as a pure lateral compression of the rib 
calculated in terms of these two measurements. 

Hence, it can be said that a performance of 

evaluating severities of thorax injuries is different 

between current ATDs and modern ATDs; ES2-re 

and SID-IIs; WorldSID-50th and WorldSID-5th. 

Yoganandan et al. [10] compared thorax responses 

of ES2-re and WorldSID-50th in pure lateral and 

oblique side impact loadings by conducting full-

scale sled tests. The result shows that WorldSID-

50th better sensed the oblique loading than ES2-re. 

However, thorax responses from 5 percentile 

female dummies; WorldSID-5th and SID-IIs have 
not been compared. 

The objective of this study was to clarify a 

difference of performances of thorax injury 

evaluation between WorldSID-5th and SID-IIs by 

comparing patterns of rib deformation and thorax 

injury values. 

THORAX RESPONSES IN DIFFERENT 

ANGLE IMPACTS 

Thorax Impact Simulation 

Since rib components of full-scale physical 

dummies are covered with jackets,   it is physically 

impossible to obtain patterns of whole rib’s 

deformation. Therefore, LS-Dyna R6.1.2 finite 

element (FE) simulations by using WorldSID5th 

Small Female Dummy v2.0.3 [11] and SID-IIs 
dummy SBL D v3.2.2 [12] developed by 

Humanetics Innovative Solutions, Inc. were 

conducted in order to capture patterns of rib 

deformation located inside ATDs. Because it is 

known that a difference of arm positions affects 

values of thorax deflection [13], thorax without 

arm impact test’s configuration similar to that 

shown in 49 CFR Part 572 Subpart V [14] was 

selected in this study. 

The seatback of a certification bench was cut off at 

the height of 300 mm in order not to interfere with 

a pendulum’s movement and modeled as a rigid 
surface. A WorldSID-5th, while raising the arm to a 

vertical orientation, was seated on the bench in 

order that the top of the lower neck bracket was 

horizontal, and its pelvic tilt sensor showed 19.5 

degrees. SID-IIs removed its arm was seated on the 

bench in order that the thoracic fore/aft plane 

measured 24.6 degrees and the back of the thorax 

touched the seatback. It was estimated that no 

friction force is generated in physical tests because 

the seat back and base is covered with 

PolyTetraFlourEthylene sheets. Therefore, a 
coefficient of friction force of contact 

characteristic between the bench and the dummy 

was set to zero in order that the dummy model can 

glide over the bench model smoothly. 

A circular cylindrical pendulum was modeled as a 

rigid surface with a 120.7 mm face diameter and a 

12.7 mm edge.  A 13.97-kilogram mass was 

applied at the center of the shape. The pendulum 

was made to collide with the dummy at 4.3 m/s 

similar to the speed specified in 49 CFR Part 572 

Subpart V, or 2.0 m/s which is an estimated impact 

speed that induces negligible thorax deflection. 

As for the relative location between the dummy 

and the pendulum, the height of the center of the 

pendulum’s face was aligned to the height of the 

centerline of the middle thoracic rib at the most 

lateral side of the dummy. In the pure lateral 

impact simulation, the pendulum was positioned so 

that its centerline was centered vertically on the 

centerline of the middle thoracic rib. Setups of 

thorax impact simulation for WorldSID-5th and 

SID-IIs in pure lateral impact are shown in Figure 

2. As shown in Figure 3, the probe was rotated by 

±5°, ±10° and ±15° relative to the center of the 
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spine box in each dummy in an antero-lateral or a 

postero-lateral oblique impact.  

Thorax impact simulations were carried out by 

impacting WorldSID-5th or SID-IIs FE model with 

a pendulum model. Seven impact directions, two 

impact speeds and two dummy models were 
combined to create twenty eight impact 

simulations.  

 
Figure 2.  Setups of thorax impact simulation for 

WorldSID-5t
h
 and SID-IIs. 

 

 
Figure 3.  Impact directions for pure lateral and 

oblique impacts. 

Comparison between Physical Dummies and FE 

Dummy Models in Lateral Impacts 

In order to confirm accuracies of thorax responses 

from the results of FE simulations, thorax impact 

tests using physical dummies were conducted and 
results from FE simulations were compared to 

those from physical tests. Thorax without arm 

impact test in pure lateral direction at the speed of 

4.3 m/s was selected as an impact configuration for 

this comparison because this is the configuration 

specified in  49 CFR Part 572 Subpart V [14]. Two 

physical tests for each dummy were conducted. 

An Impact force, lateral accelerations at T4 and 

T12, and lateral deflections of thorax were 

compared for WorldSID-5th. An Impact force was 

calculated by multiplying a longitudinal 

acceleration of the pendulum filtered at CFC180 
by its weight. Time histories of lateral 

accelerations at T4 and T12 were filtered at 

CFC180. As for the lateral deflection of thorax, 

time histories of compression and rotation from 

each 2D IR-Tracc’s output were filtered at 

CFC600, then lateral deflection was calculated in 

accordance with WorldSID-5th physical dummy 

manual [15] by using equations 1 to 3.  Symbols 

used in above equations are shown in Figure 4 and 
Table 1, in the way of Y direction representing 

ATD’s lateral direction and X direction 
representing ATD’s fore/after direction. Figure 5 

show comparisons of outputs between results from 

simulation and physical tests of WorldSID-5th. 

In accordance with SID-IIs physical dummy 

manual [16], an impact force calculated as in the 

case with WorldSID-5th, lateral accelerations at T1 

and T12 filtered at CFC180, output of 

potentiometer for each rib filtered at CFC600, 

were compared. Figure 6 shows the comparison of 

outputs between results from simulation and 

physical tests of SID-IIs. 

 

Figure 4.  Symbols used in equations for 

calculating lateral deflection [15].  
 

Table 1. 

Calculation- parameters, symbols, and 

description [15] 

 

Parameter Description 

t0 [s] Time zero 

L0 [mm] Reference length at t0 

Dyi [mm] IR-Tracc compression at ti 

ϕxyi 

[degrees] 

IR-Tracc angle at time i 

 (positive angle indicated) 

X [mm] 
Calculated x displacement w.r.t x0  

(time zero x) 

Y [mm] 
Calculated y displacement w.r.t y0 

 (time zero y) 

R [mm] 
Calculated resultant displacement 

w.r.t R0 (time zero R) 

 

   xyiyii dLx sin0 
 

(Equation 1)  

   xyiyii dLLy cos00 
 

(Equation 2)  

 22

iii yxR 
 

(Equation 3)  

WorldSID-5th SID-IIs

WorldSID-5th

(Top view)

0°

SID-IIs
(Top view)

0°
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Figure 5.  Comparison of results between simulation and physical tests of WorldSID-5

th
. 

 

 
Figure 6.  Comparison of results between simulation and physical tests of SID-IIs. 

 

Although time histories of results from SID-IIs 

simulation matched well with those from physical 
tests, only maximum levels of each output from 

WorldSID-5th simulation matched to those from 

physical tests. In addition, comparing time 

histories from physical tests between WorldSID-5
th

 

and SID-IIs (Figures 5 and 6), it seems that 

WorldSID-5th has a possibility to have a poor 

repeatability. For this reason, parametric study by 

conducting simulation was selected in this study. 

It is known that the thoracic component of SID-IIs 

FE model is validated in terms of oblique impacts 
[17]. However, those validations for WorldSID-5th 

FE model have not been reported yet. Therefore, 

results from WorldSID-5th simulation were 

compared to those of physical tests from the 

published study in which thorax impact tests 

similar to the simulation in this study were shown. 

Been et al. [18] conducted thorax impact tests with 

WorldSID-5th revision 1 dummy where the head, 
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arm and jacket were removed. The dummy was 

seated on the platform, and impacted by a 14.0-

kilogram pendulum at the speed of 2.5 m/s in the 

antero-lateral oblique impact (+15 degree) and the 

postero-lateral oblique impact (-15 degree). The 

wooden block was fitted to the front of the 
pendulum so that the first contact point was the 

most lateral aspect of the upper thoracic rib. Since 

the heights of impact level were different between 

the tests and this study, lateral deflections of the 

upper thoracic rib in Been et al. and the middle 

thoracic rib in this study were selected as outputs 

used in a comparison for thorax deflection. Table 2 

shows the comparison of the maximum impact 

forces, and Table 3 shows the comparison of the 

maximum thoracic lateral deflections. 

 

Table 2. 

Comparison of impact force between results 

from physical tests (Been et al. [18]) and CAE 

simulations (this study) 

 

Impact 

Direction 
Been et al. This study 

Antero-lateral 

(15 degree) 
909 N 1599 N 

Pure lateral 

(0 degree) 
904 N 2125 N 

Postero-lateral 

(-15 degree) 
835 N 1511 N 

 

Table 3. 

Comparison of lateral deflections between 

results from physical tests (Been et al. [18]) and 

simulations (this study) 

 

Impact 

Direction 
Been et al. This study 

Antero-lateral 

(15 degree) 
27.8 mm 8.5 mm 

Pure lateral 

(0 degree) 
29.5 mm 9.8 mm 

Postero-lateral 

(-15 degree) 
18.1 mm 7.2 mm 

 

The weights of pendulums in both studies were 

similar. However, the impact speeds were faster in 

the simulations than in the physical tests, and the 

impact forces applied to the dummy were more 

concentrated in the physical tests than in the 
simulations. For this reason, the levels of impact 

forces were thought to be higher in the simulation, 

and the levels of deflections were thought to be 

higher in the physical tests. Nevertheless, both 

results of physical tests and simulations show 

higher impact forces in oblique impacts and higher 

deflections in pure lateral impacts. Therefore, it is 
qualitatively confirmed that WorldSID-5th FE 

model used in this study can estimate a response of 

physical WorldSID-5th ATD. 

Thorax Responses from WorldSID-5
th

 

Simulation 

Trajectories of the most lateral points of each inner 

rib relative to the spine box for 4.3 m/s impact 

simulations were shown in Figure 7, in which red 

lines show trajectories at upper thoracic ribs, 

yellow lines show those at mid thoracic ribs and 

green lines show those at lower thoracic ribs, 

respectively. Figure 8 shows the deformations of 
the middle rib in 15° antero-lateral impact, pure 

lateral impact and -15° postero-lateral oblique 

impact at 4.3 m/s impact simulations of WorldSID-

5th.  

 

 
Figure 7.  Trajectories of most lateral points of 

thoracic ribs of WorldSID-5
th

 in 4.3m/s impacts. 

 

Additionally, Figures 9 to 11 show time histories 

of compressions and rotations from 2D IR-Tracc, 

and Figures 12 to 14 show time histories of lateral 

deflections and impact forces, in the cases of 4.3 

m/s impacts in 15° antero-lateral impact, pure 

lateral impact and -15° postero-lateral oblique 

impact, respectively.  
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Figure 8.  Middle thoracic rib deformations of WorldSID-5
th

 in 4.3m/s impact (top view).  

 

 
 

Figure 9.  Time histories of IR-Tracc outputs in 

4.3m/s, antero-lateral oblique impacts (15°). 

 

 
 

Figure 10.  Time histories of IR-Tracc outputs in 

4.3m/s, pure lateral impacts (0°) 

 

 
 

Figure 11.  Time histories of IR-Tracc outputs in 

4.3m/s, postero-lateral oblique impacts (-15°) 

 

 
 

Figure 12.  Time histories of lateral deflections 

and force in 4.3m/s, antero-lateral oblique 

impacts (15°). 
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Figure 13.  Time histories of lateral deflections 
and force in 4.3m/s, pure lateral impacts (0°) 

 

 
 

Figure 14.  Time histories of lateral deflections 

and force in 4.3m/s, postero-lateral oblique 

impacts (-15°) 

 
In the antero-lateral oblique impact, compression 

and angle output of each 2D IR-Tracc reach its 

maximum values almost simultaneously (Figure 9). 

For this reason, the most lateral points of ribs draw 

sharp edges when those outputs reach to their 

maximum values (Figure 8). Because the ATD’s 

sternum displaces on the anterior side after the rib 

was compressed in the postero-lateral oblique 

impact (Figure 7), the time when the angle output 

reaches its maximum value occurs later than the 

time when the compression output reaches its 

maximum value (Figure 11). Therefore, the most 
lateral points of ribs move in the large range 

(Figure 7). In addition, trajectories of the upper, 

middle, lower ribs in same loading condition are 

quite different. This suggests that each rib moves 

individually. 

 

Thorax Responses from SID-IIs Simulation 

Trajectories of the end points of each 

potentiometer relative to the spine for 4.3 m/s 

impact simulations were shown in Figure 15, in 

which red lines show trajectories at upper thoracic 

ribs, yellow lines show those at mid thoracic ribs 
and green lines show those at lower thoracic ribs, 

respectively. 

Figure 16 shows the deformations of the middle rib 

in 15° antero-lateral impact, pure lateral impact 

and -15° postero-lateral oblique impact at 4.3 m/s 

impact simulations for SID-IIs.  

 

 
Figure 15.  Trajectories of most lateral points of 

thoracic ribs of SID-IIs in 4.3m/s impacts.  

 

Figures 17 to 19 show time histories of thoracic 

deflections which are resultant deflections 

measured by potentiometers and are specified as a 
thorax injury measure for SID-IIs, and calculated 

impact forces, in cases of 4.3 m/s impacts in 15° 

antero-lateral impact, pure lateral impact and  -15° 

postero-lateral oblique impact, respectively.  

Trajectories of the end points of each 

potentiometer in same load direction show similar 

shape (Figure 16). In addition, time histories of 

thoracic deflections in the upper, middle and lower 

ribs change their values uniformly (Figure 17 to 

19). For this reason, it seems that three thoracic 

ribs deform with conjunction with each other. 
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Figure 16.  Middle Thoracic rib deformation of SID-IIs in 4.3m/s impact (top view). 

 

 
 

Figure 17.  Time histories of SID-IIs outputs in 
4.3m/s, antero-lateral impacts (15°) 

 

 
 

Figure 18.  Time histories of SID-IIs outputs in 

4.3m/s, pure lateral impacts (0°) 

 

 
 

Figure 19.  Time histories of SID-IIs outputs in 
4.3m/s, postero-lateral impacts (-15°) 

 

DISCUSSION 

Comparison of Normalized Deflections between 

WorldSID-5
th

 and SID-IIs 

Since levels of thoracic deflections are different 

between WorldSID-5th and SID-IIs, even under 

same impact speed and same impact direction, all 

of the output values are normalized by using its 

values at pure lateral impact in each combination 

of impact speed and dummy. Figures 20 to 25 

show comparisons of normalized values for 
thoracic deflections of the upper, middle and lower 

thoracic ribs, the averaged thoracic deflections 

between three ribs, the maximum thoracic 

deflections between three ribs and the maximum 

impact forces. 
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Figure 20.  Comparison of normalized deflection 

of upper thoracic rib. 

 

 
 
Figure 21.  Comparison of normalized deflection 

of middle thoracic rib. 

 

 
 
Figure 22.  Comparison of normalized deflection 

of lower thoracic rib. 

 
 
Figure 23.  Comparison of normalized average 

deflection between three thoracic ribs. 

 

 
 
Figure 24.  Comparison of normalized maximum 

deflection between three thoracic ribs. 

 

 
 
Figure 25.  Comparison of normalized impact 

force. 
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The upper, middle and lower thoracic ribs of SID-

IIs are connected to the same part called the upper 

bib-ribs, and the thorax pad covers the upper bib-

ribs with cable tie wraps (Figure 26). For this 

reason, all three thoracic ribs deform in 

conjunction with each other, and this results in that 
comparison of three ribs shows same tendency like 

that thoracic deflections in pure lateral loadings 

show generally larger than that in oblique impacts 

(Figures 20 to 22).   

 
Figure 26.  SID-IIs Thorax Component.  

 
Although, a comparison of the middle thoracic rib 

deflection for WorldSID-5th (Figure 21) shows 

same tendency as that for SID-IIs, deflection of the 

upper thoracic rib decreases as the dummy is 

impacted in more anterior direction (Figure 22). In 
addition, that of the lower thoracic rib decreases as 

the dummy is impacted in more posterior direction 

(Figure 23). As for the design of assembling thorax 

component of WorldSID-5th, lateral sides of three 

thoracic ribs and two abdominal ribs are only 

connected to the thorax pad by using Velcro® 

(Figure 27). Since, lateral sides of ribs are not 

connected firmly, thoracic ribs of WorldSID-5th 

seem to be able to deform independently. Although 

the anterior and the posterior ends of inner ribs and 

the posterior ends of outer ribs are rigidly 

connected to the same spine box, the anterior ends 
of outer ribs for left and right thorax are only 

linked to the sternum, which is divided by each rib 

location. For this reason, the anterior part of the 

outer rib of the right thorax moves forward along 

with the anterior part of the outer rib of left thorax, 

especially in the case that left thorax is applied in 

the postero-lateral oblique loading.  The pendulum 

initially engaged with the upper thoracic rib in 

postero-lateral oblique impacts (Figure 11). By 

contrast, it is initially engaged with the lower 

thoracic rib in antero-lateral oblique impacts 
(Figure 9). The deflection of the lower thoracic rib 

in the antero-lateral oblique impact is 1.2 times 

larger than that in the pure lateral loading (Figure 

22), on the other hand, the deflection of the upper 

thoracic rib in the postero-lateral oblique impact is 

1.5 times larger than that in the pure lateral loading 

(Figure 20). This suggests that a rib component of 

WorldSID-5th is easy to deform in postero-lateral 

impacts.  

 
Figure 27.  WorldSID-5

th
 Thorax Component.  

 
In comparisons of SID-IIs, deflections in pure 

lateral loadings show the largest deflection both in 

the comparison of the averaged and the maximum 

rib deflection (Figures 24 and 25). In those of 

WorldSID-5th, deflections in pure lateral impacts 

show the largest deflection in the comparison of 

the averaged rib deflections (Figure 24), the 

deflections in oblique impacts are as large as or 

equal to that in pure lateral impacts in the 
comparison of the maximum rib deflection (Figure 

25). A thoracic deflection is not included as an 

injury measure in the current protocol of neither 

FMVSS214 nor U.S. NCAP, however, the 

maximum thoracic rib deflection is introduced as 

an injury measure in the future U.S. NCAP 

protocol [8]. If WorldSID-5th is introduced as a 

dummy instead of SID-IIs and the maximum 

thoracic deflection is selected as an injury measure 

in the future, thorax injuries seem to be evaluated 

more severely compared to the present.  

Lateral Component of SID-IIs Thoracic 

Deflection 

A thoracic rib deflection of SID-IIs is specified as 

a unidirectional deflection between the most lateral 

point of the rib and the spine box. In contrast, that 

of WorldSID-5th is specified as a lateral 

component of deflection between them. Since it is 

possible that the difference of measurements 

causes the difference of characteristics of thorax 

responses between SID-IIs and WorldSID-5
th

, 

lateral components of thoracic deflection are 

additionally measured from results of SID-IIs 
simulations. Those outputs can be measured in 

physical dummy tests by using an optical system 
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named RibEYE which can measure three 

dimensional movements of ribs relative to the 

spine [19].  

Figure 28 shows the comparison of normalized 

averaged deflection between original thoracic 

deflection and lateral component of thoracic 
deflection. Deflections used as denominators in 

normalization were, 16.6 mm for the original 

deflection and 16.6 mm for the lateral component 

of thoracic deflection in 2.0 m/s, 42.8 mm for the 

original deflection and 43.2 mm for the lateral 

component of thoracic deflection in 4.3 m/s, 

respectively. All of the deflections used as 

denominators are output of the middle thoracic 

ribs.  
 

 
 
Figure 28.  Comparison of Normalized Maximum 

deflection between three thoracic ribs of SID-IIs. 

 
Although each lateral component of thoracic 

deflection shows larger deflection compared to the 

original deflection in each impact configuration, 

lateral deflections in oblique impacts show smaller 

than or equal to that in the lateral impact in both 

impact speeds. This suggests that a difference of 

thorax responses between SID-IIs and WorldSID-

5th is not because of the difference of measured 

physical quantities but the difference of thoracic 
design.  

Biofidelity Evaluation 

In order to clarify whether WorldSID-5th or SID-

IIs can represent more human-like thoracic 

response, results from this study were compared 

against the published data.  

Shaw et al. [6] conducted thorax impact tests in 
which a 23.8-kilogram pendulum impacted to the 

level of the forth interspace of the sternum at the 

speed of 2.5 m/s. Based on the results from seven 

pure lateral impact tests and seven antero-lateral 

oblique by 30-degree impact tests, corridors of 

force-deflection responses for two impact 

directions were developed. Average values of the 
maximum thoracic deflection and an impact force 

scaled into the midsized adult male show that a 

thoracic deflection in the antero-lateral oblique 

impact is 1.27 times as large as that in the pure 

lateral impact, and an impact force in the antero-

lateral impact is 0.72 times as large as  that in the 

pure lateral impact.  

As for the thorax response in high-speed impacts, 

Baudrit et al. [7] conducted twelve thorax impact 

tests in which a 23.4-kilogram pendulum impacted 

to the level of the middle of sixth rib at the speed 

of 4.2 to 4.4 m/s. Then, four corridors of thorax 
responses by combinations of two physical sizes 

and two impact directions were developed; 50 

percentile adult male and 5 percentile adult female; 

pure lateral loadings and antero-lateral loadings by 

30-degree. Based on the averaged responses for 5 

percentile adult female, the maximum thoracic 

deflection in the antero-lateral oblique impact is 

1.25 times as large as that in the pure lateral 

impact, the maximum impact force in the antero-

lateral oblique impact is 0.8 times as large as that 

in the pure lateral impact.  

Proportions of the maximum thoracic deflection or 

impact force in antero-lateral oblique impacts to 

those in pure lateral impacts shown in Shaw et al., 

Baudrit et al. and results from simulation in this 

study are compared in Table 4.  
 

Table 4. 

Proportion of maximum thorax deflection or 

maximum impact force in antero-lateral oblique 

impacts to that in pure lateral impacts 

 

Source 
Impact 

velocity 

Proportion 

deflection force 

PMHS 
(Shaw et al.) 

2.5 m/s 1.27 0.72 

PMHS 

(Baudrit et al.) 
4.3 m/s 1.25 0.80 

WorldSID-5th 

(this study) 

2.0 m/s 1.14 0.75 

4.3 m/s 1.01 0.97 

SID-IIs 

(this study) 

2.0 m/s 0.79 1.05 

4.3 m/s 0.78 1.09 

 

In both of the impact speeds, simulation results for 

SID-IIs show a smaller deflection and a larger 

impact force in antero-lateral oblique impacts than 

Def. ( - ) Def. ( - )

Impact direction (deg.)
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in pure lateral impacts. By contrast, those for 

WorldSID-5th show a larger deflection and a 

smaller impact force in antero-lateral oblique 

impacts than in pure lateral impacts. Since the 

impact angle used in both of the PMHSs’ studies 

was 30 degrees and it is larger than the impact 
angle used in the simulation of this study, 

proportions should be compared qualitatively. 

However, it can be said that proportions for 

WorldSID-5th are more similar to those from 

PMHSs’ studies than SID-IIs. Consequently, it can 

be said that WorldSID-5th can represent more 

human-like thoracic responses than SID-IIs. 

 

LIMITATION 

At present, WorldSID 5
th

 TEG has a plan to 
enhance the biofidelity of WorldSID-5th female 

dummy, and the modification of thoracic design 

has been discussed. However, the basis of its 

design is not supposed to be a major modification. 

Therefore, it can be asserted that WorldSID-5th can 

represent more human-like thoracic response 

compared to SID-IIs in future.  

There is a limitation of published data showing 

human thoracic responses against various impact 

directions, the biofidelity evaluation in this study 

is limited to responses in pure lateral and antero-

lateral oblique impacts. Accordingly, a biofidelity 
of WorldSID-5th in postero-lateral impacts must be 

evaluated in the future.  

 

CONCLUSIONS 

In this study, thorax impact simulations were 

conducted by varying impact speeds and 

directions. As a result, the following conclusions 

were reached;  

 Three thoracic ribs in SID-IIs tends to deform 

in conjunction with eatch other, by contrast, 

those in WorldSID-5th deform independently. 
 SID-IIs shows similar values in the maximum 

thoracic deflection and the averaged thoracic 

deflection. However, the maximum thoracic 

deflection in WorldSID-5th shows larger 

values compared to the averaged thoracic 

deflection. 

 SID-IIs has a possibility to underestimate the 

severities of thorax injuries in oblique 

impacts regardless of a method of 

mesurement compared to WorldSID-5th. 

 Based on a proportion of a thoracic deflection 

and an impact force in the antero-lateral 

oblique impact to that in the pure lateral 

impact, it can be said that WorldSID-5th 

represent human chraracteristics of thorax 

reseponse more adequately than SID-IIs. 
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Wonsuk Park 
General Motors  
USA  
 
Paper Number 17-0365 
 
ABSTRACT 
 
The frontal airbag in a vehicle is considered a supplemental restraint to the safety belt restraint system and is 
important in lowering measured injury assessment values for Anthropomorphic Test Devices (ATD) during 
vehicle crash testing.   Neck injuries for the right front passenger occupant are especially sensitive to the 
passenger airbag (PAB) shape.  Therefore, multiple sled tests and Computer Aided Engineering (CAE) 
simulations are required for PAB development to arrive at a balanced restraint system and achieve optimal 
performance for occupant injury metrics. 
The purpose of this study is to establish a design procedure and optimization process for passenger airbags by 
using CAE techniques to minimize development time. 
In this study, a design method to create a new baseline airbag is introduced.   Surrogate sled CAE models were 
generated to make efficient use of computing resource availability.  Validation of CAE surrogate models was 
performed using sled tests.  A direct optimization method, not meta-model based, was developed for airbag 
shape optimization across multiple load cases.  Parameterized airbag shape and morphing techniques were used 
in the optimization.  The objective function is US-NCAP performance, however, major injury criteria from 
FMVSS208 (belted and unbelted) as well as airbag volume were used as constraint conditions.  All 
optimization processes were automated, and airbag shape is optimized per objective functions and constraint 
conditions.  Additionally, different optimization algorithms were compared to find the most efficient method 
for airbag design. 
 
 
INTRODUCTION 
 
Since the current USNCAP rating protocol was 
introduced in 2007 [6], passenger side frontal airbag 
(PAB) design for the US market is more challenging 
compared to driver side airbag design.  This is 
because the Hybrid III 5th percentile female occupant 
Anthropomorphic Test Device (ATD) is used for 
passenger side frontal US-NCAP injury ratings, and 
it is more sensitive to injury, especially neck injury, 
than the Hybrid III 50th percentile male ATD when 
considering airbag design.   Traditional methods such 
as 5”-30 ms criterion are freqently used for airbag 
design without CAE analysis [7].   However,  airbag 
design should consider many factors simultaneously, 
such as vehicle pulse, interior trim design, safety belt 
sytem, airbag inflator etc.  A good starting point is 
critical to achieve balnced performance in airbag 
design for different load cases while minimizing 
development time.   In this study, a design method 
for frontal passenger airbag using CAE techniques is 
introduced.  CAE models representing sled bucks 
were built for use in developing belted and unbelted 
occupant performane, and validation work was 
performed using physical tests.   A new baseline 
airbag model was incorporated into these sled models 
for the next optimization process.   A parametric 

airbag shape optimization method was developed 
considering multiple loading conditions.  
Several optimization algorithms were used and 
compared for airbag shape optimization. 
 

MODELING AND AIRBAG DESIGN 

CAE models, LS-DYNA [5], were used to export 
ATD positions for base line airbag design with 
proposed target time to fire (TTF).   Simplified sled 
models, which have rigid instrument panel (I/P) trim, 
were built for this purpose.   When the corresponding 
full-vehicle CAE model became available, a detailed 
occupant sled model was built again, and validation 
work was performed considering available data from 
tests.   Sled tests were performed with airbag 
hardware which were proposed by the airbag 
supplier.   Therefore, this supplier’s airbag was 
replaced in CAE models by the baseline airbag in 
order to perform airbag shape optimization. 
 
Simplified sled models for airbag design 
Full vehicle CAE model with interior components 
such as I/P, A-Pillar, roof trim are not usually 
available in the early stage of vehicle development.   
The show surfaces (A-surface) of trim components 
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were extracted from CAD and defined as rigid 
parts.   Simplified CAE sled models were built 
incorporating these rigid trim components for the 
purpose of generating a baseline airbag design.   
Figure 1 shows these rigid trim parts, for example, 
I/P, windshield, and A-pillar trim.   Rigid-to-rigid 
contact [5] with a force based function was defined 
to characterize contact between the ATD and rigid 
I/P trim.   Figure 2 shows a simplified sled model 
of the belted 5th ATD which was used for airbag 
design.   Airbag door and tear seam were not 
considered in this model. 
 

 
Figure 1.  Isometric view for rigid trim parts 
 
 

 
Figure 2. Simplified belted 5th sled model 
 
 
Vehicle pulse and dummy positions 
The X-component of vehicle pulse was extracted 
from full vehicle structure models for 40kph and 
56kph full frontal loading conditions.   Vehicle 
pitching and rocker drop were not considered in 
order to maintain consistency to sled tests. 
Next, occupant analysis with simplified sled 
models was performed for 40kph and 56kph full 

frontal loading conditions with 5th & 50th ATDs.   
The airbag was not deployed, but the safety belt 
system was present and engaged for the belted 
ATDs.   The design H-points of occupants were set 
according to the design specified seat travel 
window, because actual measurements of occupant 
positions in hardware were not available at that 
time.   Typically, actual measured occupant seating 
positions are preferred for airbag design.   Then, 
ATD positions for 40kph unbelted 5th & 50th and 
56kph belted 5th & 50th were extracted along with 
the target time-to-fire (TTF) for the airbags.   For 
instance, assuming 35ms as passenger side airbag 
fully deployment time, the target TTF of airbag is 
18ms for 40kph full frontal impact.   When ATD 
travels in free-flight for a total of 53ms (= 35ms + 
18ms), the airbag is supposed to be fully deployed.   
Subsequently, ATD positions are extracted for use 
in deciding the desired depth of the airbag 
(longitudinal direction).   Figure 3 shows an 
example of extracted ATD positions for both 5th 
and 50th percentile occupants from different 
loading conditions. 
 

 
Figure 3. Example of extracted dummy positions 

 
Airbag design 
The intent is to design the PAB profile according 
to the vehicle environment and the extracted ATD 
positions.   The width of the airbag (horizontal 
direction) can be decided by the vehicle A-Pillar.   
If there is too much interaction between the airbag 
and A-Pillar, the airbag can be skewed and/or 
rotated.   If the airbag doesn’t cover the A-Pillar 
well, the possibility of hard contact between the 
occupant head and A-Pillar will increase for the 
30° right angular loading condition.   The airbag 
should also fit well considering the windshield and 
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I/P geometry.   If it does not, the airbag can wiggle 
and/or rotate, both of which are not desirable 
airbag kinematics.   This behavior can also cause 
instability in terms of occupant injury metrics.     
Proper depth of airbag (longitudinal direction) is 
also an important factor to consider for occupant 
injury.   If the depth of airbag is too great, the 
ATD head may contact the airbag before it is fully 
deployed.   If the depth of the airbag is too small, 
this can also lead to increased injury.   The ride-
down effect offered by the restraint system also 
plays a role in lowing occupant injury, but if the 
ride-down effect it too great, it can increase neck 
injury.   Because of different ATD sizes, positions 
and loading conditions, airbag performance needs 
to be optimized to provide the best possible 
protection considered.   Figure 4 shows an example 
of airbag design considering proposed vehicle 
geometry, pulse, restraint systems, TTF etc. 

Figure 4. Example of airbag design 
 

CAE evaluations for factors affecting airbag 
performance, such as airbag kinematics and ATD 
injury metrics, are needed to verify airbag design 
parameters.   It is recommended to generate several 
different airbag variations in order to find an 
optimally designed airbag which shows robust and 
balanced performance for both belted and unbelted 
loading conditions.   Airbag cushions stretch 
during deployment, because of the internal 
pressure of the airbag and the characteristics of the 
selected airbag cushion fabric material.    
Therefore, the fully deployed airbag shape is 
slightly different from the design airbag geometry.   
Internal tethers in the airbag can be considered and 
used to control the fully deployed airbag shape.   
Figure 5 shows examples of statically deployed 
airbags: one has two tethers and the other, the 

baseline airbag model, doesn’t have any tethers.   
Figure 6 shows the work flow for airbag design 
method. 
 

Figure 5. Static deployment of new baseline 
airbag (left; w/ tethers, right; w/o tethers) 

 

 
Figure 6. Work flow of airbag design 

 
SLED TESTS AND VALIDATION WORKS 

Sled tests were performed with an airbag which was 
proposed by the airbag supplier, not with the baseline 
airbag model from the airbag design procedure.   It is 
important to verify sled CAE models for subsequent 
optimization work.   Otherwise, work done to 
optimize the airbag shape may be misleading.   When 
the full vehicle model with precise interior trim 
components was available, sled models which have 
fully deformable trim parts were rebuilt .   Validation 
work was performed with unbelted / belted 5th and 
50th ATDs for 40 and 56kph full frontal loading 
conditions. 
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Sled models validation 
Sled tests were performed using an airbag 
proposed by the airbag supplier.   Figure 7 shows 
the comparison between an airbag provided by the 
supplier and a baseline airbag which was derived 
from the previous airbag design procedure. 

Figure 7. Comparison of airbag model (left; 
supplier’s airbag, right; new baseline airbag) 

 
Sled tests were performed with unbelted & belted 
5th & 50th percentile ATDs for 40kph and 56kph 
full frontal loading conditions.   Sled models were 
rebuilt using precise deformable interior trim parts.   
In a given High Performance Computing 
environment, there are limited computing 
resources, whereas optimization work requires a 
great deal of computing resources.   Due to 
limitations in computing resources, model run time 
was optimized by rearranging contact models and 
rigidizing the Body-In-White.   This resulted in a 
43% reduction in run time.   These new sled 
models are referred to as surrogate models for this 
study.   Validation works were performed for sled 
test results with surrogate models.   The level of 
validation was assumed to be good enough for 
subsequent optimization work.   Figure 8 shows 
the surrogate sled model which is going to be used 
for subsequent optimization work. 
 

Figure 8. Surrogate sled model for belted 5th 

 
Surrogate sled models for airbag optimization 
The supplier’s airbag initially used for the 
surrogate sled model was replaced with a new 
baseline airbag generated by the previous airbag 
design procedure.   The CAE analysis runtime 
decreased by 38% simply by replacing the airbag 
model, because a uniform pressure airbag model 
was used for the baseline airbag model, whereas 
the Corpuscular Particle Method (CPM) [5] was 
used in the supplier’s airbag model.  
 
OPTIMIZATION OF AIRBAG SHAPE 

The baseline airbag results in a 4 star US-NCAP 
rating score, satisfing the injury targets for 40kph 
unbelted 50th percentile and 56kph belted  5th & 
50thpercentile occupants whereas one of the neck 
injur parameters is out of target range for the 40kph 
unbelted 5th percentile occupant loading contion.   A 
better airbag design could be ahieved by evulating 
several airbag profiles, but only one baseline airbag 
had been generated during this study.   Airbag shape 
optimization will be introduced starting with baseline 
airbag design in this section.    
The goal is to get a 5 star US-NCAP rating score 
while satisfying injury targets for frontal 40kph 
unbelted and 56kph belted loading conditions.   
Airbag kinematics are also considered indirectly by 
applying the constraint condition of airbag volume 
during optimization and by confirmation of CAE runs 
after optimization. 
A geometric morphing technique is used to modify 
the finite element airbag mesh data within 
optimization process.   The airbag shape is 
parameterized and these parameters are used as 
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control factors for the optimization process.   Noise 
factors are not considered because robustness is not 
covered in this study.   The concept of airbag shape 
optimization is similar to topology optimization.   
Therefore, a direct optimization method, not a meta-
model based method, is chosen.   Evolution 
Alogorithms (EA) including Gentic Algorithms (GA) 
are used and compared in this optimization scheme.   
Figure A-1 in the appendix shows the work flow of 
the optimization process. 

 
Loading conditions 
Sled tests and validated CAE models showed that 
the most vulnerable loading condition is frontal 
40kph unbelted 5th percentile for this particular 
case.   Neck injury is relatively high for 40kph 
unbelted 5th percentile when compared to other 
loading conditions. 
Optimization work requires significant 
computational resources.   Therefore, the most 
vulnerable loading condition, i.e. 40kph unbelted 
5th percentile, and US-NCAP loading condition, 
i.e. 56kph belted 5th percentile are chosen for 
optimization work with the goal of saving 
computational resources.   Both models are 
concurrently evaluated during airbag shape 
optimization. 
 

Control factors 
A geometric morphing technique is used to modify 
the airbag finite element mesh data.   The airbag 
shape was parameterized by defining 5 factors 
which were used in morphing airbag mesh data.   
Width (horizontal direction) and height (vertical 
direction) of the airbag are not considered in this 
parameterizing scheme for airbag shape, because 
these design factors are decided by the vehicle 
geometry as noted in the airbag design section.   
Figure 9 shows parameters for morphing the airbag 
shape. 
The response of ATDs are affected not only by 
airbag shape, but also by airbag internal pressure.   
The vent size of the airbag is considered in order 
to compensate for the effect of changing airbag 
pressure. 
 

Figure 9. Parameters for morphing airbag  

 

Objective conditions 
The goal is to achieve a 5 star US-NCAP rating 
score, while satisfying injury targets for major frontal 
loading conditions per the US FMVSS 208 
regulation. 
The US-NCAP rating score consists of head, neck, 
chest, and femur injuries for the frontal impact 
loading condition, and all of these injuries are 
combined as “joint probability of injury (Pjoint)” 
[6].   Figure 10 shows that CAE results for sled 
with an airbag proposed by the airbag supplier 
suggest the following: 

• The probability of neck injuries is the 
most important factor on NCAP. 

• The second factor is the probability of 
chest injury. 

• The probability of head injury is much 
smaller than neck and chest injury. 

• The probability of femur injury is much 
smaller than neck and chest injury. 

Neck injury is also possible for the frontal 40kph 
unbelted 5th loading condition.   These sled results 
suggest that one of the major areas of injury is the 
occupant’s neck.   Therefore two objective 
functions are defined in this optimization process, 
one is “probability of neck injury (Pneck)” and the 
other is “joint probability of injury (Pjoint)”.   A 
weighting factor of 0.5 (W1) was applied for 
probability of neck injury, whereas a weighting 
factor of 1.0 (W2) was applied for joint probability 
of injury to give more priority on NCAP 
performance in (Equation 1). 
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Figure 10. Comparison for probability of injury 
on NCAP rating score (Pjoint) 

 

21 int)()( WPjoWPObjective neck +=  (Equation 1) 

 
Constraint conditions 

All injury criteria from FMVSS 208 were chosen 
for use as constraints.   A specific margin of safety 
was added to injury criteria and then these factors 
with margin were set as the constraint conditions. 
 
There were two different inflators for this vehicle 
program at its starting point.   One of them was 
chosen per the airbag supplier’s recommendation.   
The gas molar output of the inflator is one of the 
characteristics used to decide desired airbag 
volume.   If the airbag volume is too large for 
specific molar output, the airbag may not deploy 
well at its target time and may also cause bag slap 
on the ATD, which is characteristic of undesirable 
airbag kinematics.   The molar output of the 
inflator used in this work is around 2.8 mole.   
Therefore, 115ℓ was assumed as the upper limit of 
airbag volume.   Script programs were developed 
to calculate airbag volume.   Solid elements are 
generated by using shell elements from the 
reference airbag mesh data.   The volume is 
measured using solid elements, but this measured 
volume is not the same as predicted volume 
because the airbag cushion is stretched and its 
actual volume is larger than measured volume.   
Static airbag deployments were performed and 
volume was compared between CAE and 
physically measured volume, also the specific 
scaling factor was derived.   Predicted airbag 
volume is achieved by multiplying the scaling 
factor with measured volume.   Predicted airbag 
volume is compared to the upper limit of airbag 
volume in the optimization process as a constraint 
condition. 

 
Optimization algorithms 
Occupant analysis have non-linearity.   Gradient 
base methods don’t work well for global 
optimization and non-linearity problems [11].   
The concept of airbag shape optimization is similar 
to topology optimization and nonlinear program 
techniques such as genetic algorithms can work 
well for shape optimization.   Therefore, 
exploratory (heuristic search) methods such as 
NSGA-II, AMGA, NCGA and MOPS were 
considered with multi objective functions in this 
study. 
 
NSGA-II (Non-Dominated Sorting Genetic 
Algorithm) K. Deb proposed NSGA-II to improve 
NSGA.   A non-dominance sorting method was 
used in ranking population, and a crowding 
distance parameter was added to the fitness value 
for better diversity.   Elitism was incorporated to 
share the optimal parameter value.   It doesn’t need 
user-defined parameter for maintaining diversity.   
This is much more efficient than NSGA [1].   Real 
parameter for mutation operator (polynomial) was 
used [3]. 

AMGA (Archive-based Micro Genetic 
Algorithm) S. Tiwari proposed a novel new 
genetic algorithm.  This algorithm use Pareto 
ranking from NSGA-II for individual selection.  
AMGA have two fitness assignment mechanism, 
one is primary fitness by ranking and the other is 
based on the diversity of the solutions in the entire 
population, instead of crowding distance operator 
from NSGA-II.   AMGA update the elite 
population such as archive and designed for a 
small population size by through archive of good 
solutions obtained.   “It is recommended to use a 
large size for the archive.   Because the actual time 
needed by the optimizer algorithm is negligible 
comparing to the time needed by the analysis 
routines for computationally expensive 
optimization problems” [9].  

NCGA (Neighborhood Cultivation Genetic 
Algorithm) S. Watanabe proposed this new 
Genetic Algorithm in 2002.   Individuals of parent 
are sorted according to focused objective and the 
objective is changed for generations.   This 
algorithm incorporates a neighborhood cultivation 
crossover mechanism. When crossover operations 
are performed, individuals are chosen which are 
close to each other rather than randomly chosen.   
Therefore, precise exploitation is expected.   It also 
uses an archive and updates for each generation.   
Binary parameters were used for crossover and 
mutation operator [10]. 
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PSO (Particle swarm) J. Kennedy introduced 
Particle Swarm Optimization in 1995 [4].   It 
simulates social behavior of animal groups, such as 
flocks of birds.   Animals tend to follow neighbors 
who are closer to food.   The best position (pbest - 
particle best) encountered by a particle and its 
neighbors (gbest - global best) is used for next 
position of particle.   Each particle is given an 
initial velocity and it accelerates by distance to 
find a solution.   PSO generates population for 
each generation like genetic algorithms, but there 
is no evolution operator such as crossover and 
mutation.   A stochastic variable called craziness 
was introduced to avoid settling on unanimous and 
unchanging direction.   Y. Shi proposed a modified 
PSO in 1998, a parameter of inertia weight was 
incorporated into original PSO [8].   MOPS (Multi-
Objective Particle Swarm) was used in this study.   
“Any point in the Pareto set is a candidate as 
leader and the leader for particle is randomly 
selected from Pareto set based on the crowding 
distance” [3]. 
 
Parameters for each type of algorithm are used 
according to suggested values by application [3].   
The same population size was maintained for all 
the algorithms.   For NSGA-II, the size of the 
population = 12, crossover probability = 0.9, 
crossover distribution index = 10, mutation 
distribution index = 20.   For AMGA, the 
maximum allowed size for archive = 96, crossover 
probability = 0.9, mutation probability = 0.5, 
crossover distribution index = 10, mutation 
distribution index = 20.   For NCGA, gene size = 
60, crossover rate = 1.0, mutation rate = 0.01.   For 
MOPS, inertia = 0.9, increment for global & 
particle = 0.9, maximum velocity = 0.1 
 

RESULTS 
 
Figure 11 show the comparison between baseline 
airbag and optimized airbag shape (reference 
geometry mesh data).    
All of the optimization algorithms successfully 
found solutions.   Neck and chest injuries were 
lowered, head injury was increased slightly, but 
the probability of head injury was still less than 
2.3% in Table-1.   Joint probability of injury 
(Pjoint) was lowered and NCAP performance was 
improved.   Figure 12 show the bar chart 
comparison.    
 
The baseline airbag indicates that the probability 
of neck injury is 10.6%, whereas the probability of 
head injury is only 0.2% in Figure 12 and Table 1.   

This means that the major injury mechanism is 
neck injury.   Therefore better performance can be 
achieved by lowering neck injury and/or trading 
off with head injury from optimized airbag. 
 

 
Figure 11. Comparison of airbag geometry (blue: 
base, red: NSGA-II, green: AMGA, purple: 
NCGA, cyan: MOPS) 
 

 
Figure 12. Bar chart comparison for NCAP 
 
Table 1. Comparison of results 
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Optimized airbags have two concave shapes (upper 
and lower) on the front panel of the airbag for the 
head and chest contact area.   It seems that the 
upper concave shape decreases neck injuries with 
slightly increased head injury, and the lower 
concave shape decreases chest deformation injury.   
Figure 13 show that the volume of optimized 
airbags was less than 110 liters, these airbag 
satisfied the constraint of volume (less than 115 
liters).   The volume of the new airbag is not much 
different from baseline airbag. 
All of the optimized airbags show similar 
performance.   NSGA-II and MOPS found slightly 
better airbag for USNCAP.   Figure 14 shows a 
comparison of static deployment between the 
baseline and optimized airbags. 
Figure A-2 and A-3 in appendix show a bar chart 
comparison of injuries for NCAP and 40kph 
unbelted 5th loading conditions.   Confirmation 
CAE runs were performed to ensure airbag design 
works for other loading conditions which were not 
included in optimization process.   These CAE 
results show that all injury measures meet the 
targets. 
 

 
Figure 13. Comparison of airbag volume from 
static CAE analysis 
 

 
Figure 14. Comparison of static deployed airbag 
(left: baseline, right: optimized airbag by MOPS)  

 
There were several performance indicators 
identified to evaluate the optimization algorithm.  
“Generally, multi-objective problem has three 
primary goals.  The first, fast convergence to the 
Pareto frontier solution.   The second, close 
proximity to the Pareto frontier solution.   The 
third, diversity and even dispersion of the obtained 
non-dominated solutions along the Pareto optimal 
front” [2]. 
The objective functions do not fight each other in 
this optimization work.   Small number of 
populations and generation were used, because 
analysis time is too heavy.   Therefore, the Pareto 
frontier graph is not completely clear, and absolute 
Pareto frontier is not known.   One of purpose of 
this study is comparing airbag design by using 
different optimization algorithm, not evaluation of 
the algorithm itself.   So, optimization algorithms 
are compared in practical ways in order to 
determine which optimization methods may fit 
well for airbag shape optimization.   The scatter 
plot and the history plot between objective 
functions are considered as an indication of 
proximity and convergence to solution for each 
optimization algorithm in this study. 
 
The scatter and history plot for the objective 
functions are shown in Figure A-4 through A-7 in 
appendices.   The red dots indicate infeasible runs, 
black dots indicate feasible runs, and a green dot 
indicates the best solution.   Blue dots, which are 
shown only in AMGA, is for the Pareto frontier, 
but the Pareto optimal front is not determined 
clearly, as was mentioned before.   Smaller 
windows for scatter plots were defined, and the 
number of feasible runs are counted in order to 
determine of proximity in Table 2. 
 
NCGA and NSGA-II seems to show better 
proximity than AMGA and MOPS based on the 
scatter plot and Table 2.   It is difficult to 
determine the convergence from the history plot.   
MOPS and AMGA found the best solution around 
50th run, whereas NSGA-II and NCGA found it 
around 90th run in Table 2. 
  
For AMGA, and attempt was made to increase the 
archive size was from 12 to 96 to find a better 
solution, but significant improvement was not 
noticed.   The off-spring population is half of its 
parent population and indicates the actual number 
of CAE runs for each generation is half of the 
other algorithm.   It would be interesting to check 
the results by increasing the parent population for 
future studies.    
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NCGA shows precise exploitation as was expected 
[10].   The possible number for mutation rate is 0 ~ 
1.0, but 0.01 was used in this study.   Additional 
study is needed to check for better convergence by 
increasing this mutation rate. 
 
MOPS found the solution at the 52th run, but it 
does not show superior proximity.   MOPS also 
does not have a mutation operator like the Genetic 
algorithms.  Instead, MOPS provides velocity and 
inertia parameters.   This algorithm provides the 
user with simple parameters, and can be used for 
both single and multi-objective optimization.  
MOPS seems to work well for occupant analysis, 
but further studies are required. 
 
 
Table 2. Comparison of number of feasible runs 

 
 
 
CONCLUSIONS 
 
In this paper, a design method for passenger side 
frontal airbag and parametric airbag shape 
optimization were presented.   A-Surfaces of CAD 
models for a specific vehicle were used for airbag 
design, because a full CAE model was not 
available at the early stage of vehicle development.   
When a full vehicle CAE model was available, 
occupant sled models were built (surrogate 
models) and validation work was performed to 
verify sled models with tests.   Parametric airbag 
shape optimization was developed with multi-
loading conditions by using a commercial tool [3].   
NSGA-II, AMGA, NCGA and MOPS algorithms 
were used and compared in this study.   All of the 
optimization algorithms used successfully found a 
solution without violating constraint conditions.   
Each algorithm was compared and the following 
observations were made: 
 

• NSGA-II works well for occupant 
simulation. 
 

• AMGA works well, even though the 
population of off-spring is half of its 
parent population. 
 

• NCGA show precise exploitation.   Each 
objective function is treated seperately.   It 

can be used for both single and multi-
objective problem.   However, it only 
provides binary parameters for evolution 
operators, whereas other GAs provide real 
parameters 
 

• MOPS provides simple parameters, which 
make it easy for the user, and flexibility 
for single and multi-objective problem.   It 
worked well to find a soultion for 
occupant simulation. 

 
MOPS is efficient to find a solution in airbag 
shape optimization.   The advantage of MOPS is 
that there are few parameters that need to be 
adjusted and it is easy to implement.   It use the 
crowding distance for diversity and works well for 
both single and multi-objective optimization.   
Further study are needed to test the ability of 
MOPS. 
 
The Work flow of optimization is summarized in 
Figure 15.   Actual hardware for the airbag 
generated can be manufactured based on optimized 
airbag geometry.   Additionally, 2D geometry lines 
are extracted from optimized airbag geometry for 
demonstration purposes.   CAD drawings for 
sewing and cut-sections can be generated by using 
these 2D geometry lines.   Figure 16 shows 
extracted 2D geometry lines for CAD drawings. 
 
This study presents an airbag design method and 
airbag shape optimization using CAE techniques.    
These methods will work well for other regulations 
and/or consumer metrics used in the global 
automotive industry through changing loading 
conditions, constraint conditions and objective 
functions.  
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Figure 15. Work flow of airbag shape 
optimization 
 

 
Figure 16. Extracted 2D geometry lines for 
airbag CAD drawings (sewing lines) 
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APPENDICES 
 

 
Figure A-1. Work flow of optimization 
 
 
 

 
Figure A-2. Bar chart comparison for NCAP 
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Figure A-3. Bar chart comparison for 40kphFF unbelted 5th  
 
 

Figure A-4. Scatter & history plot for NSGA-II 
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Figure A-5. Scatter & history plot for AMGA 
 
 

 
 

Figure A-6. Scatter & history plot for NCGA 
 
 

 
 

Figure A-7. Scatter & history plot for MOPS 
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ABSTRACT 
 
ISOFIX was conceived as an alternative to the seat belt for installing integral child restraint systems (e.g. 
harness seats). However, ISOFIX-like attachments are now offered on some non-integral child restraints 
(booster seats). In such cases, the booster seat is attached to the car using the ISOFIX anchorages, with the 
child secured by the seat belt. This is usually provided as a ‘comfort feature’ to assist in the positioning of the 
booster seat and to ensure it is secure in the event of a crash when unoccupied. ISOFIX is not thought to 
convey significant safety benefits (or disbenefits) for children in booster seats; however, very little research 
has been carried out. The aim of this study was to investigate the effect of ISOFIX on booster seat 
performance in front impact. The paper presents a series of sled experiments using fully instrumented Q-Series 
dummies. The same booster seat was used in all experiments, but it was installed in one of four conditions: no 
ISOFIX attachments; ISOFIX fitted, but stowed away; ISOFIX used with deformable attachments (that 
allowed the booster seat to translate, while remaining attached); ISOFIX with fixed attachments (with no 
translation of the booster seat). The frontal impact test procedure specified in United Nations (UN) Regulation 
No. 129 was followed in all experiments. 
 
ISOFIX generally had marginal effects on the performance of the booster seat in these tests. However, pelvis 
displacement (with respect to the booster) was greater with fixed ISOFIX attachments. In this condition, the 
dummy and the booster seat were less well coupled, compared with the other installation modes, but 
submarining was not observed. Measurements associated with compressive loading of the torso (i.e. chest 
deflection and abdomen pressure) were expected to be lower when ISOFIX was used (based on previously 
reported tests), but this was not observed uniformly. Effects of the dummy design, such as head-to-chest 
contact and diagonal belt slippage may have influenced its sensitivity to differences in booster seat installation 
modes. Nevertheless, deformable ISOFIX attachments appeared to offer the benefit of ensuring the dummy 
and booster seat were coupled together throughout the impact, while reducing the potential for compressive 
loading to the torso.  
 
These findings suggest that the current practice of offering consumers a choice with respect to the provision of 
ISOFIX on booster seats is appropriate. UN Regulation No. 129 is being amended to include booster seats. They 
can be approved with or without ISOFIX attachments, but where present, they must be stowable. This study 
supports this philosophy; however, it was based on one booster seat only (installed in different attachment modes). 
Different trends might be observed in other booster seats. Furthermore, this study focussed on front impact. Other 
impact directions (such as side impact) might yield different results. 
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INTRODUCTION 

ISOFIX is a harmonised system for installing a child 
restraint system to a car. It comprises two vehicle 
anchorages with two corresponding attachments on 
the child restraint. These are typically used together 
with a means to limit the pitch rotation of the child 
restraint into the seat cushion (i.e. a top tether or a 
support leg). ISOFIX was conceived as an alternative 
to the seat belt for installing integral child restraints 
(in which the child is restrained by a harness or shield 
coupled to a supplementary child seat) (Turbell et al., 
1993). However, ISOFIX-like systems are now 
offered on some non-integral child restraints (i.e. 
booster seats, that raise the child to improve the fit 
and position of the adult seat belt over the child’s 
body). In such cases, the booster seat is attached to 
the car using the ISOFIX anchorages, with the child 
secured by the seat belt. This is usually provided as a 
‘comfort feature’ to assist in the positioning of the 
booster seat and to ensure it is secure in the event of a 
crash when unoccupied.  
 
United Nations (UN) Regulation No. 129 (on 
Enhanced Child Restraint Systems) came into force 
in June 2013. It aims to improve the safety of child 
restraints and reduce their misuse by promoting 
ISOFIX (United Nations Economic Commission for 
Europe, 2016). Initially, it applies only to integral 
ISOFIX child restraint systems, but will eventually 
include all child restraint types. For instance, it is 
currently in the process of being amended to enable 
the type-approval of booster seats. At the start of this 
process, it was expected that booster seats would also 
be required to have ISOFIX (Terms of Reference for 
phase 2 and phase 3, 2011). However, this restriction 
was removed, in part due to difficulties in agreeing a 
universal ISOFIX solution among the stakeholders 
(and the observation that ISOFIX may not offer 
performance advantages for these child restraints or 
reduce their misuse) (Status report GRSP IWG 
ECRS, 2013). The regulation will therefore allow 
booster seats to feature ISOFIX, but they must be 
stowable for the seat to qualify as a universal system.  
 
Although ISOFIX is not thought to convey any 
significant safety benefits (or disbenefits) for children 
in booster seats, very little research has been carried 
out. Studies of the performance of booster seats in 
real-world collisions do not typically include ISOFIX 
boosters, or if they do, they do not distinguish them 
from belt only models (Wismans et al., 2008). 
Nevertheless, while there is always room for 
improvement, overall, booster seats are very effective 
in reducing the risk of injury to children in 
collisions (Arbogast et al., 2007).  

 
Visvikis et al. (2014) found that the use of ISOFIX 
with a booster seat did not influence its performance 
greatly in front impact tests with the Q3 and Q10 
dummies. Nevertheless, there appear to be very few 
laboratory crash studies reported in the literature. 
During the aforementioned regulatory discussions, a 
group of child restraint system manufacturers 
combined anonymised data from unpublished internal 
tests (European Association of Automotive Suppliers, 
2015). This found little evidence of a consistent 
effect of ISOFIX on booster seat performance. In 
front impact (where slightly more data were 
available), measurements associated with 
compressive loadig of the torso tended to be lower 
when ISOFIX was used, whereas pelvis displacement 
with respect to the booster seat appeared to be 
greater. However, the authors acknowledged that 
further data might reveal different trends. Similarly, 
Charlton et al. (2007) found that, in side impact, the 
rigid anchorages of the ISOFIX system reduced the 
lateral motion of the booster; however, the expected 
benefits of the rigid attachment in reducing head 
accelerations were not observed consistently.  
 
The aim of this study was to investigate the effect of 
ISOFIX on booster seat performance in front impact 
conditions. It was expected that the study would help 
to validate decsions made in the development of 
UN Regulation No. 129, and help inform future 
decisions, about the regulatory requirements for 
booster seats.  
 
METHODS 
 
Ten front impact experiments were carried out on a 
deceleration sled at TRL. TRL is an accredited 
Technical Service for the type-approval of child 
restraint systems to UN Regulation No. 129. The 
tests were performed according to the procedure 
specified in UN Regulation No. 129, but also took 
account of the GRSP proposal to extend the 
regulation to include booster seats1. The principal test 
conditions comprised an impact speed of 50 +0

-2 km/h 
and a deceleration corridor that peaked between 20 g 
and 28 g. 
 

                                                           
1 ECE/TRANS/WP.29/2016/107 – Proposal for the 
02 series of amendments to UN Regulation No. 129 - 
Adopted by the Working Party on Passive Safety 
(GRSP) at its 59th session and subsequently adopted 
by the World Forum for Harmonisation of Vehicle 
Regulations (WP.29) and the Administrative 
Committee AC.1 at the 170th session. 
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The experiments are summarised in Table 1. Three 
fully-instrumented Q-Series dummies were used; a 
Q3, a Q6 and a Q10. These dummies correspond to 
the extremes and mid-point of the stature range likely 
to be declared for booster seats approved to 
Regulation No. 129. The set-up for a typical test is 
shown in Figure 1. All dummies were equipped with 
production versions of the Abdominal Pressure Twin 
Sensors (APTS) produced by Transpolis and hip 
liners produced by Humanetics (see Figure 2). Hip 
liners are a new dummy accessory to prevent the lap 
part of the seat belt from becoming trapped in the gap 
between the legs and pelvis of the dummy. 
 

Table 1. 
Test matrix 

Dummy Booster seat installation 

Q3 

Seat belt only – no ISOFIX on seat 
Seat belt – ISOFIX present but stowed 
ISOFIX used – translating attachments 
ISOFIX used – fixed attachments 

Q6 

Seat belt only – no ISOFIX on seat 
Seat belt – ISOFIX present but stowed 
ISOFIX used – translating attachments 
ISOFIX used – fixed attachments 

Q10 

Seat belt only – no ISOFIX on seat 
Seat belt – ISOFIX present but stowed 
ISOFIX used – translating attachments 
ISOFIX used – fixed attachments 

 
The same (series-production) booster seat was used 
in all experiments, but it was installed in one of four 
conditions:  
 

1. With the seat belt only – there were no 
ISOFIX attachments on the booster seat;  

2. With the seat belt only – the booster was 
equipped with ISOFIX, but the attachments 
were stowed away;  

3. With ISOFIX that featured deformable 
attachments (that allowed the booster seat to 
translate, while remaining attached to the 
ISOFIX anchorages on the test bench);  

4. With ISOFIX attachments that were fixed 
(with no translation of the booster seat). 

 
The booster seat with no ISOFIX anchorages was 
0.81 kg lighter in this condition, but was identical to 
the others in all other respects. The booster seat was 
type-approved to UN Regulation No. 44. It was not 
developed or optimised for the UN Regulation No. 
129 test environment. 
 

 
Figure 1. Example test set-up (Q6 dummy) 

 

 
Figure 2. Q-Series dummy hip liner 

 
RESULTS 
 
Translation of the ISOFIX attachments  
In one test condition, the booster seat was 
equipped with ISOFIX attachments that allowed 
the seat to translate, while remaining attached to 
the ISOFIX anchorages on the test bench (see 
Table 1). Unfortunately, the feature did not deploy 
significantly in the test with the Q3 dummy (see 
Table 2). Nevertheless, it functioned in the tests 
with the Q6 and Q10, displaying the greatest 
translation with the larger dummy.  
 

Table 2.  
Translation of the booster seat ISOFIX 

attachments (measured post-impact) 
Dummy ISOFIX attachment translation 

Left  Right 
Q3 0 5 
Q6 12 12 
Q10 28 30 

 
A larger dummy mass typically causes a booster 
seat to tip further into the cushion of the test bench 
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during an impact. When this occurs, the seat base 
becomes more horizontal, thus improving the 
conditions for the deformable system featured in 
these tests to deploy. This might explain the 
differences shown in Table 2.  
 
Booster seat and dummy kinematics 
Figures 3, 4 and 5 show the interaction between 
the booster seat, dummy and seat belt for tests with 
the Q3, Q6 and Q10 dummies respectively. Each 
image shows a side view of the booster seat and 
dummy at, or very close to, their peak forward 
displacement. Additional, oblique views that 
highlight the dummy and seat belt interaction are 
shown in Appendix A. 

When the booster seat was installed with a seat 
belt only, both the booster and the dummy moved 
into the belt during the impact. This coupling of 
seat and dummy helped to ensure a good path of 
the belt throughout the impact. The additional 
mass of the stowed ISOFIX anchorages did not 
appear to influence this movement in any 
significant way.  

When ISOFIX was used to secure the booster seat 
to the test bench, the characteristics of the 
attachments influenced the seat and dummy 
kinematics. For instance, some decoupling of the 
seat and dummy was observed when the 
attachments were fixed and unable to translate. 
This was observed predominantly with the Q6 and 
Q10. These dummies moved into the belt while the 
seat was held closer to the bench than in the 
corresponding belt only tests. This can be seen in 
Figures 4 and 5, where more of the dummy’s 
abdomen and pelvis are visible in this ‘fixed 
attachment’ condition. This phenomenon was not 
observed with the Q3, possibly due to the smaller 
size and lighter weight of this dummy.  

Greater kinematic differences might have been 
expected when ISOFIX was used, but rotation of 
the booster seat about the ISOFIX anchorages (and 
into the seat cushion) gave the impression of 
greater forward movement of the seat. 
Nevertheless, the gap between the seat-back of the 
test bench and the booster backrest was smaller 
when ISOFIX was used. The translating 
attachments functioned with the Q10, and to some 
extent with the Q6, and meant that the movement 
and coupling of the booster and dummy in this 
condition was comparable to that of the belt only 
tests.   

 
Seat belt only – no 

ISOFIX 

 
Seat belt only – ISOFIX 

stowed 

 
ISOFIX used – 

translating 

 
ISOFIX used - fixed 

Figure 3. Q3 dummy (90 ms) 
 

 
Seat belt only – no 

ISOFIX 

 
Seat belt only – ISOFIX 

stowed 

 
ISOFIX used – 

translating 

 
ISOFIX used - fixed 

Figure 4. Q6 dummy (95 ms) 
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Seat belt only – no 

ISOFIX 

 
Seat belt only – 
ISOFIX stowed 

 
ISOFIX used – 

translating 

 
ISOFIX used - fixed 

Figure 5. Q10 dummy (95 ms) 
 
Although the Q6 and Q10 dummies moved further 
forwards within the booster seat when ‘fixed’ 
ISOFIX attachments were used (compared with 
other installation modes), the lap part of the seat 
belt remained on the pelvis. There did not appear 
to be any greater risk of submarining behaviour, 
therefore, in these tests. This is illustrated most 
clearly with the Q10, where this motion was 
greatest (see Figure A3, Appendix A). 
 
Dummy measurements 
Head loading The attachment mode of the booster 
seat did not appear to influence dummy head 
excursion (see Figure 6). Although some 
differences were observed, they were typically 
within levels expected for normal test-to-test 
variation and did not provide strong evidence for a 
trend.  
 

 
Figure 6. Dummy head excursion 

The Q3 and Q6 dummies recorded greater head 
acceleration (3ms value) when the booster seat was 
installed with the seat belt only (see Figure 7).  
This was surprising, given that head excursion was 
reasonably consistent between the installation 
modes. These parameters are often related, with 
higher head acceleration being associated with 
lower head excursion and vice versa. This was not 
observed in these tests, which suggests some other 
effects were involved. For instance, head-to-chest 
contact was observed with the Q3 and Q6 dummies 
and was likely to have influenced the head 
acceleration. This will be discussed later on with 
respect to chest loading, but might also explain 
unusual trends in the head response with these 
dummies. 
  
The head acceleration measurements with the Q10 
dummy did not display clear differences between 
the belt only and ISOFIX conditions. However, the 
difference of around 10 g between the ‘no ISOFIX’ 
and the ‘stowed ISOFIX’ belt only tests was 
surprising, given that the only difference between 
these boosters was an extra 0.81 kg in mass (with 
stowed ISOFIX). As the 3ms values from the 
ISOFIX tests were in between these belt attached 
tests, the overall spread of results suggests that the 
booster attachment mode did not influence head 
acceleration greatly with this dummy. 
  

 
Figure 7. Dummy head acceleration 

 
Neck loading No consistent trends were observed 
in the upper neck tensile force (see Figure 8). The 
peak force was very similar across the booster 
installation modes with the Q3 dummy. Some 
differences were observed with the Q6 and Q10, 
but there was little evidence of meaningful 
variation. Neck tensile force often follows trends 
observed in the head acceleration. As this does not 
appear to have been the case in these tests, 
particularly for the Q3, it further suggests that 
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head-to-chest contact influenced the dummy 
measurements.  
 

 
Figure 8. Dummy neck tensile force 

 
Chest loading Resultant chest acceleration (3ms 
value) did not appear to differ significantly across 
the installation modes for all dummies (see 
Figure 9). Although some differences were 
observed, the level of variation in each case did 
not provide strong evidence of a trend. 
 

 
Figure 9. Dummy chest acceleration 

 
The mode of attachment of the booster seat was 
expected to influence chest deflection more than 
acceleration. For instance (depending on its mass), 
a booster that moves forward with the child might 
be expected to increase compressive loading of the 
chest, when the child is ultimately restrained by 
the belt. However, this was difficult to distinguish 
in these tests (see Figure 10), largely due to 
features of the dummy and sensor design, 
particularly for the Q3 and Q6. 
 

 
Figure 10. Dummy chest deflection 

 
Although not the main focus for this paper, these 
dummy and sensor design features were of interest 
for their effects on deflection measurement. The 
first point of interest was that the peak deflection 
measured by the Q3 and Q6 dummies resulted 
from head-to-chest contact, rather than seat belt 
loading (see Figure 11 and Figure 12). In each 
case, the deflection response displayed an initial 
peak that seemingly coincided with the period of 
greatest belt loading. This was followed by a 
second (and greatest) peak that coincided with 
flexion of the head and neck into the chest. Such 
degrees of flexion have been observed in cadaver 
tests (Cassan et al., 1993); nevertheless, the extent 
to which it produces biofidelic loading of the chest 
is still a matter for research. 
 

 
Figure 11. Q3 dummy chest deflection 
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Figure 12. Q6 dummy chest deflection 

 
The ‘peak’ values displayed in Figure 10 exclude 
the period of head-to-chest loading. Nevertheless, 
this still does not give an accurate picture of 
compressive chest loading due to the single point 
deflection measurement of the Q3 and Q6 
dummies. During the impact, the belt moved up the 
chest and away from the deflection sensor. This 
meant that deflection was not being measured in 
the region of loading (see Figure 13). This 
behaviour has been reported in other tests using the 
Q-Series dummies as summarised by Wismans et 
al. (2016). Unfortunately, no solution is readily 
available and hence care must be taken when 
interpreting these deflection measurements.  
 

 
Figure 13. Dummy and diagonal belt interaction 
 
Abdomen loading The lap part of the seat belt 
remained on the pelvis of each dummy in all 
booster seat installation modes (see Appendix A). 
This was reflected in the abdomen pressure 
measurements (Figure 14), particularly with the Q3 
and Q6. In each case, the measurements were very 
low (0.2 to 0.4 bar) compared with the regulatory 
threshold for these dummies (1.0 bar). With such 
low measurements, it was unclear whether 
differences observed between the installation 
modes represented real trends. Even if they did, all 

modes achieved low abdomen pressure, suggesting 
a very low risk of abdomen injury. 
 

 
Figure 14. Dummy abdomen pressure 

 
In contrast, the Q10 measured relatively higher 
abdomen pressure (0.6 to 1.0 bar), compared to its 
regulatory threshold (1.2 bar), than the Q3 and Q6 
dummies. The measurements on the left (buckle) 
side of the abdomen resulted primarily from the 
diagonal part of the seat belt. In this case, the 
greatest pressure was recorded in the belt 
installation with stowed ISOFIX and in the fixed 
ISOFIX installation.  
 
The additional mass (0.81 kg) of the booster with 
stowed ISOFIX attachments, may have increased 
the tendency for compressive loading to the 
abdomen. It seems plausible for this to be observed 
with the Q10 only, as this was the only dummy 
with which a belt passed over the abdomen sensors 
(the diagonal belt moved above the abdomen for 
the Q3 and Q6 dummies and no lap belt loading 
was observed in any test).  
 
Higher pressure measurement with fixed ISOFIX 
seems counter intuitive. This booster was held 
rigidly to the test bench, so less compressive 
loading was expected. However, this was observed 
on both sides of the abdomen and seems to indicate 
a real trend. The decoupling of seat and dummy 
described earlier may have influenced the abdomen 
loading in some other way, resulting in this 
apparent increase in pressure. The translating 
attachments seemed to help reduce the pressure to 
levels consistent with the seat belt installation. 
 
DISCUSSION AND LIMITATIONS 
 
ISOFIX had marginal effects on the performance of 
the booster seat in these tests. However, pelvis 
displacement (with respect to the booster seat) was 
greater with fixed ISOFIX attachments. In this 
condition, the dummy and the booster seat were less 
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well coupled (compared with other installation 
modes), but submarining was not observed. 
Measurements associated with compressive loading 
of the torso (i.e. chest deflection and abdomen 
pressure) were expected to be lower when ISOFIX 
was used, based on previously reported tests by the 
European Association of Automotive Suppliers 
(2015); however, this was not observed consistently 
in the tests reported in this paper. Certain aspects of 
the dummy design, such as its proneness for head-to-
chest contact, and the tendency for belt movement 
away from the (single point) deflection sensor may 
have masked any trends that might otherwise have 
emerged between the booster seat installation modes. 
Nevertheless, deformable ISOFIX attachments 
appeared to offer the benefit of ensuring the dummy 
and booster seat were coupled together throughout 
the impact, while reducing the potential for 
compressive loading to the torso. 
 
These findings suggest that the current practice of 
offering consumers a choice with respect to the 
provision of ISOFIX on booster seats is appropriate. 
UN Regulation No. 129 is being amended to include 
booster seats. They can be approved with or without 
ISOFIX attachments, but where present, they must be 
retractable and stowable. This study supports this 
philosophy; however, it was based on one booster 
seat only (installed with different attachment 
methods). Different trends might be observed in other 
booster seats. Furthermore, this study focussed on 
front impact. Other impact directions (such as side 
impact) might yield different results. 
 
The UN Regulation No. 129 test bench was designed 
to be representative of the vehicle fleet. Nevertheless, 
certain aspects of the bench, and the regulatory test 
procedure, reflect a need for test repeatability and 
reproducibility. They are not intended to deliver an 
exact recreation of the vehicle environment. 
Differences between the standardised seat belt of the 
test bench (including the way it is tensioned before a 
test) and a real seat belt, for example, might have 
been important for the tests reported here. 
 
CONCLUSIONS 
 
The protection of children in cars is a priority of 
Governments around the World. Booster seats are 
very effective in reducing the risk of injury to 
children that have outgrown other child restraint 
types. ISOFIX has the primary function to improve 
the ease of attachment of integral child restraints and 
therefore the risk of misuse. This study has shown 
that ISOFIX can be used on non-integral child 

restraints (booster seats) to assist parents without 
compromising safety. 
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APPENDIX A 

DUMMY AND SEAT BELT INTERATION 

 
 

 
Seat belt only – no 

ISOFIX 

 
Seat belt only – 
ISOFIX stowed 

 
ISOFIX used – 

translating 

 
ISOFIX used - fixed 

Figure A1. Q3 dummy and seat belt interaction (90 ms) 
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ISOFIX used - fixed 

Figure A2. Q6 dummy and seat belt interaction (90 ms) 
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Seat belt only – 
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ISOFIX used - fixed 

Figure A3. Q10 dummy and seat belt interaction (95 ms) 
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ABSTRACT 
 
Advanced driver assistance technologies are making striking market penetration into the American passenger 
vehicle fleet. However, little is known about driver understanding and knowledge of these technologies. These 
advanced driver assistance systems (ADAS) not only have the ability to alert the driver of hazards and lapses of 
attention but, in some instances, can intervene to prevent or lessen the severity of a crash. If drivers do not 
accurately understand a technology’s purpose, function, and limitations, the full safety benefit may not be realized 
and translated to our roadways. This study was part of a broader data-driven national education campaign to help fill 
consumer knowledge gaps regarding ADAS technologies. Previous research from a nationally representative sample 
found that most consumers were uncertain about new and emerging vehicle safety technologies, as well as 
technologies that have been standard for years (McDonald et al., 2015). The Technology Demonstration Study was 
developed to understand how the way in which consumers learn about ADAS technologies for the first time affects 
their knowledge of and attitudes about the technologies. This study reports how drivers’ knowledge of a technology 
is influenced by their initial exposure method to the technology. Two base learning methods were utilized for the 
study, both of which are traditional forms of learning for the average driver: reading the owner’s manual and riding 
in a vehicle. From these base learning methods, four learning protocols were developed, two of which combined the 
methods. Evaluation of Pre- and Post-Visit Surveys showed that drivers’ knowledge of the technologies increased at 
the end of the study. This paper reports the effects of driver knowledge by each of the four learning protocols and 
discusses the implications that should be considered when educating consumers on new and emerging ADAS 
technologies.  
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INTRODUCTION 
Advanced driver assistance systems (ADAS) have 
made significant prevalence into the American 
vehicle passenger fleet over the last few years. 
ADAS technologies show tremendous promise for 
improved safety on our roadways [1]. These 
technologies range from providing warning alerts 
to drivers of potential hazards to taking on various 
levels of control of the vehicle to avoid a crash or 
collision. However, little is known about consumer 
knowledge of these technologies, including how to 
interact with them effectively. One survey [2] 
found that the majority of consumers had heard 
about several different ADAS technologies, but 
had significant uncertainty about their operation. 
This was true for new technologies as well as some 
that had been standard equipment for years (e.g., 
ABS). 
 
Prior to 2014, there was little to no historical data 
or studies that measured drivers’ knowledge of a 
comprehensive number of these technologies [2]. 
Some of this is due to some of the ADAS 
technologies’ recent emergence into the American 
fleet. Previous studies were limited in scope, in 
that they were either focused exclusively on only a 
few technologies [3, 4, 5] or targeted very specific 
segments of the driving population [6, 7, 8, 9] or 
owners of specific vehicle makes [9, 10].  
 
Additionally, compounding the relatively small 
amount of data is the constant evolution of ADAS 
technologies. Some ADAS technologies, such as 
adaptive cruise control (ACC), have been available 
in passenger vehicles for over a number of years, 
although their market penetration has been most 
commonly found in luxury brand and higher-end 
trim levels [11]. Studies dating back to the 1990s 
and early 2000s have sought to measure driver 
understanding and acceptance of ACC [12, 13, 14]. 
These early studies of ACC measured a much 
different version of ACC than is available and 
found in vehicles today.  
 
ADAS technologies are rapidly evolving as 
technological advances are made and better, more 
reactive technology is created. The technology is 
advancing so quickly that, in many instances, 
drivers are finding themselves behind the wheel 
with little to no prior experience or exposure to the 
technology [2]. This is exacerbated by quick 
market penetration over the last two years. Such 
ADAS technologies are now available on many 
entry level vehicles. 
  
Further compounding the evolving nature and 

rapid introduction into the market of these 
technologies is the lack of standardization of the 
ADAS technology interfaces and naming. Naming 
convention for the technologies vary considerably 
from one make to the next. Additionally, the 
manufacturer ultimately decides how to design the 
human-machine interface (HMI), as well as the 
alert timing. For example, a blind spot monitor 
technology in one make may only provide a visible 
alert on the mirrors, whereas the same technology 
in another make may provide a visible alert along 
with a haptic or auditory alert. This wide 
variability between manufacturers, makes, models, 
and even within trim levels could add confusion or 
misunderstanding to the operation and purpose of 
the technology.  
 
As these technologies continue to gain market 
penetration and make their way into the average 
American passenger vehicle, it is imperative to 
consider how drivers are understanding, interacting 
with, and perceiving these technologies, as well as 
the ways in which drivers learn about how ADAS 
may impact their overall attitude toward them.  
 
As part of a data-driven national education 
campaign dedicated to informing the public about 
ADAS technologies, the Technology 
Demonstration Study (TDS) was developed. The 
goal of this study was to provide insight on how 
learning about ADAS technologies from an 
owner’s manual or through a ride-along 
demonstration drive impacts a driver’s knowledge 
and understanding of the technology.   
 
METHODS 
The TDS methodology was developed to measure 
driver knowledge and attitudes towards five ADAS 
technologies: ACC, blind spot monitor, lane 
keeping assist, parallel parking assist, and rear 
cross traffic alert. The final sample included 60 
female and 60 male drivers who were unfamiliar 
with the ADAS technologies included in the study. 
Study procedures included a Pre-Visit Survey, site 
visit (included an Intake Survey), completion of a 
randomly assigned learning protocol (either 
reading an owner’s manual, participating in a ride-
along demonstration drive, or a combination of the 
two), and a Post-Visit Survey.  
 
This paper focuses measuring driver understanding 
and knowledge of the ADAS technologies, which 
were administered in the Pre- and Post-Visit 
Surveys. The following subsections detail the 
ADAS technology learning outcomes, sample 
methodology, and finally, the data collection 
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procedures.  
 
Identification of Learning Outcomes 
As detailed in the Introduction, it was identified 
early-on in the study development that there is 
immense variability between the actual 
deployment of these technologies from one 
manufacturer to the next. To address this issue, the 
research team identified a series of “learning 
outcomes” for all ADAS technologies in the study. 
The learning outcomes included the purpose, 
function (how the system works), and limitations 
of each technology. It was expected that a 
participant would learn these outcomes from their 
participation in the study.  
 
The research team identified the outcomes with the 
technology’s general application in mind, 
regardless of a specific manufacturer brand, make, 
or model. To achieve this, various owner’s 
manuals for popular makes and models equipped 
with one or more of the five ADAS technologies 
included in the TDS were obtained and learning 
outcomes were drafted to be applicable across all 
types of vehicles. For example, many ACC 
technologies’ time intervals vary from one model 
to the next. With this example in mind, the 
learning outcomes focused on the general 
application of the technology (in the ACC 
scenario, a time interval) and that most 
manufacturers offered a short, medium, and long 
time interval. This practice was carried throughout 
all of the ADAS technologies’ learning outcomes 
to identify the purpose, function, and limitations of 
each system.  
 
All information included in the study’s learning 
protocols (the owner’s manual and the ride-along 
demonstration drive) adequately covered each 
learning outcome for each technology. Finally, the 
Pre- and Post-Visit Surveys included 22 multiple 
choice questions that assessed a participant’s 
knowledge of each ADAS technology and were 
directly based on the learning outcomes.     
 
The following tables 1-5 display the learning 
outcomes developed for each ADAS technology 
included in the study.  
 

Table 1. 
General ADAS learning outcomes 

 
Purpose Are intended to support the driver by 

providing information, alerts, or minimal 
levels of control 

Function Use radar, sensors, and/or cameras to detect 
the environment around the vehicle 

 Require the driver to still pay full attention to 
the driving environment 

 Can vary a great deal between different 
vehicle makes and models in terms of 
capability and operation 

 Can each be turned off by the driver 

Limitations The radar, sensors, and cameras have 
limitations that can affect system performance 

 
 

Table 2. 
ACC learning outcomes 

Purpose An advanced version of cruise control that not 
only maintains a set speed, but a set distance 
from the vehicle ahead as well 

Function Provides some limited amount of braking that 
varies between manufacturers 

 Requires the driver to set his/her speed and 
time interval distance. The time interval 
distance (following distance) varies in 
seconds, but most vehicles generally have a 
short, medium, and long distance they 
maintain from the vehicle ahead. 

 When activated, ACC takes over speed control 
from the driver 

Limitations Will only respond to vehicles that the system 
has recognized 

 May "lose track" of vehicles around corners, 
sharp curves, and if the roadway elevation 
changes 

 
 

Table 3. 
Blind spot monitor learning outcomes 

Purpose Alerts the driver with a warning when a 
vehicle may be located in his/her blind spot 
(warning varies by manufacturer - may be an 
illuminated symbol, sound, or vibration) 

 Some systems provide an escalated warning if 
a vehicle is located in the blind spot and the 
driver's turn signal is on 

Function Only alerts the driver, does not take control of 
the vehicle in any way 

Limitations Many systems are not designed to detect 
vehicles passing through the blind spot at 
extremely fast speeds 

 May not detect motorcycles, bicycles, 
or pedestrians in a driver's blind spot 
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Table 4. 
Lane keeping assist learning outcomes 

Purpose Designed to prevent crashes caused when a 
vehicle unintentionally drifts out of the lane 

 Designed to be used at highway speeds 
 Temporarily takes control of steering to try to 

keep the vehicle in the original lane 
Function Detects when the vehicle may be drifting out 

of the lane and will gently steer the vehicle 
back to the lane 

 If the vehicle's tires leave the lane, the system 
will alert the driver with a warning (tone, icon, 
or vibration) 

 Relies on painted lane markings to operate 
effectively 

 Will not activate if a turn signal is on and the 
driver is drifting in the same direction as the 
signal 

 The driver's hands must be on the steering 
wheel in order for the lane keeping assist to 
function 

Limitations Not designed to work with markings that are 
faded, covered, in disrepair, or are overly 
complicated 

 
 

Table 5. 
Rear cross traffic alert learning outcomes 

Purpose Alerts the driver if one or more vehicles are 
about to enter the vehicle's backing path 

Function If the system is turned on, it will activate when 
the vehicle is shifted into reverse 

 Most useful when backing out of a 
perpendicular parking space where the driver 
cannot see other vehicles that may be coming 
from the right or left 

 Warning tone, flashing light on the mirrors or 
dashboard alert the driver there is a detected 
vehicle 

 Only alerts the driver, does not take control of 
the vehicle in any way 

Limitations Has reduced functionality in angled 
parking situations 

  

Table 6. 
Parallel parking assist learning outcomes 

Purpose Temporarily takes control of steering the 
vehicle during the parallel parking maneuver 

Function Searches for a suitable parallel parking spot, 
notifies the driver to brake to a stop and shift 
the vehicle into reverse 

 The driver must maintain control of the brake 
and the speed of the vehicle during the 
maneuver and shift the vehicle when the 
system directs him/her to do so 

 The sensors on the vehicle will alert the driver 
as it is getting closer to vehicles or objects 
around the vehicle 

 Uses a camera to show the environment 
around the vehicle 

 If the driver wants to stop the maneuver, 
he/she can turn the steering wheel or press a 
button (usually on the center display or 
steering wheel) to cancel 

Limitations The parallel parking system will be cancelled 
if the backing speed is too fast or if a tire 
begins to spin or lose traction 

 
 
Sample Methodology  
The basic study eligibility criteria were defined by 
age, gender, and exposure to the ADAS technologies 
in the study. The following inclusion criteria were 
defined:  

• 30 – 55 years old 
• Must possess a current, valid US driver’s 

license and must have been a licensed driver 
for at least three years (validated upon site 
visit)  

• Must drive at least 90 minutes per week 
• Vehicles in the potential participant’s 

household unequipped with any of the five 
ADAS technologies included in the study  

 
The majority of participants were recruited to the 
study from an email sent to eligible individuals 
identified within the UI National Advanced Driving 
Simulator (NADS) Participant Registry and from a 
mass email sent to UI faculty, staff, and students. 
Other recruitment efforts included Craigslist and 
word of mouth. All recruitment efforts included a 
link to an eligibility survey.  
 
Participants were excluded after the eligibility 
survey if they did not meet all the inclusion 
criteria, if they’d had exposure to ACC, blind spot 
monitor, or lane keeping assist as a driver or 
passenger in any vehicle, or if they had previously 
participated in research studies investigating new 
in-vehicle technologies in the past. Individuals 
were recruited and enrolled into the study until the 
final desired sample of 120 participants between 
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the ages of 30 and 55, balanced by gender, was 
obtained.  
 
Study Procedures 
Once determined to be eligible, participants were 
invited to complete the online Pre-Visit Survey 
which included questions about their current 
knowledge of each ADAS technology, as well as 
their attitudes towards the ADAS technologies 
including trust, usefulness, and apprehension. 
Upon survey completion, study staff randomly 
assigned each participant to one of four learning 
protocols and scheduled a site visit to the NADS 
facility. This visit was scheduled at least one week 
after the completion of the Pre-Visit Survey. The 
learning protocol assignment was not known to the 
participant at the time of the site visit scheduling.  
 
At the beginning of the site visit, each participant 
completed the consent and video release forms and 
then began the study procedures. Site visit study 
procedures included the Intake Survey, the 
learning protocol, and Post-Visit Survey.  
 
The Intake Survey included participant 
demographic questions, perceptions of technology, 
and questions related to any exposure to the ADAS 
technologies included in the study since 
completing the Pre-Visit Survey.  
 
After completing the Intake survey, participants 
began the activities for the assigned learning 
protocol. Upon completion of the learning 
protocol, the Post-Visit Survey was administered 
to assess participants’ knowledge of each ADAS 
technology, as well as attitudes toward the systems 
including trust, usefulness, and apprehension. 
Participants were paid $75 for completing all study 
procedures. If only the Pre-Visit Survey was 
completed, the participant was paid $10. 
 
Learning Protocols 
The study utilized two base learning methods to 
serve as the evaluation on participants’ knowledge 
and perceptions of the systems. The first method, 
reading the owner’s manual, was chosen as it is a 
traditional way that drivers learn information 
regarding their vehicle. The second method was a 
ride-along demonstration drive where the 
participant observed an experienced driver using 
each of the five ADAS technologies in the study. 
The two base methods were combined to create 
four between-participant learning protocols:  

• Reading about the systems in an owner’s 
manual 

• Observing an experienced driver use the 
systems in an ride-along demonstration 

• Reading the owner’s manual followed by a 
ride-along demonstration 

• The ride-along demonstration followed by 
reading the owner’s manual 

Fifteen females and 15 males were randomly 
assigned to each of the four learning protocols.  

Owner’s Manual  
Throughout the entirety of the TDS, one research 
vehicle equipped with the five ADAS technologies 
was utilized for all participants. The original 
owner’s manual for the research vehicle was 
modified to create the owner’s manual for the 
TDS, retaining only the information pertinent to 
the five ADAS technologies. In addition, all 
references to the manufacturer were removed and 
the manufacturer’s specific technology names were 
replaced with generic ones.  

The TDS owner’s manual consisted of six sections. 
The first section of the manual provided 
information on ADAS technologies in general, 
with a one-page introduction explaining the 
purpose and limitations, followed by the research 
vehicle’s owner’s manual content describing the 
camera and radar system. After this initial 
introduction, one section for each of the five 
ADAS technologies in the TDS followed, each 
with a generic introduction written by the research 
team.  

Ride-Along Demonstration Drive  
For the ride-along demonstration drive, prior to 
entering the research vehicle in the NADS parking 
lot, participants were briefly introduced to the 
vehicle, including the location of the camera and 
sensors that supported many of the ADAS 
technologies. The participant then sat in the front 
passenger seat of the research vehicle and an 
experienced driver on the research team (referred 
to as the demonstration driver) drove a 
predetermined route, demonstrating the five 
different ADAS technologies.  

The demonstration drive began in the NADS 
parking lot and continued to a residential area, 
suburban arterial roads, an interstate, and a US 
highway before reversing the route back to the 
NADS. The drive took approximately 40 minutes 
to complete and included demonstration of all five 
ADAS technologies in nearly identical fashion for 
all participants. At specific points during the drive, 
prior to the demonstration of each technology, the 
participant was instructed to play an audio file on 
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an iPad. The audio file provided a general 
description of that ADAS technology in most 
vehicles (purpose, functionality, and 
limitations). The audio file also described the 
functionality of the ADAS technology unique to 
the research vehicle. A visual aid that illustrated 
the steering wheel controls and icons for the ACC 
and lane keeping assist, which were difficult to see 
from the passenger position, was also provided. 
Participants were allowed to make comments and 
ask questions about the ADAS technologies; 
however, other communication was kept to a 
minimum. Questions were answered when the 
driver deemed it safe to do so. All audio and 
communication exchanged between the participant 
and driver were captured from cameras placed 
inside the vehicle. 

As part of the drive, an additional driver assisted 
the demonstration driver in another (assist) vehicle 
to assure the demonstrations were consistent and 
safe. Communication through a hands-free 
(Bluetooth) cell phone connection was used 
between the drivers. To maintain the highest 
possible consistency between participants, a total 
of two demonstration drivers and four assist 
drivers worked in groups to become familiar with 
the detailed route protocols. All drivers were blind 
to the learning protocol randomly assigned to the 
participants.  
 
A brief description of each ADAS technology’s 
demonstration is described below. The 
technologies are presented in the same order they 
were demonstrated during the drive to all 
participants.   

     Parallel Parking Assist A staged parallel 
parking space was pre-arranged by the 
demonstration and assist drivers in a residential 
area. As the demonstration driver approached the 
parking demonstration area, the driver activated 
the parallel parking assist and followed the 
directions provided by the system while the 
participant observed. The driver controlled the 
speed of the vehicle and shifted (when prompted) 
while the system steered the vehicle into the space.  

     Blind Spot Monitor The blind spot monitor 
was demonstrated on a four-lane suburban arterial 
street with a median divider. The participant 
observed the indicator warning icons for both the 
standard warning (occurred when a vehicle was in 
the blind spot) and the escalated warning (occurred 
when a vehicle was in the blind spot and the turn 
signal was activated) on both the driver and 
passenger sides of the vehicle. 

 
     Lane Keeping Assist The lane keeping assist 
demonstration was completed on a high-speed 
four-lane divided US highway. The participant 
observed the research vehicle drift toward the lane 
boundary and then observed the system steering to 
keep the vehicle in the lane. The demonstration 
was completed twice to the right and twice to the 
left. The assist vehicle drove in the adjacent lane to 
prevent overtaking traffic from interrupting the 
demonstration. 

     ACC To demonstrate the full functionality of 
the research vehicle’s ACC, the demonstration 
occurred in two roadways: on the same US 
highway and a suburban arterial with stop light-
controlled intersections. During the highway 
demonstration, the participant observed three of 
the ACC system’s five time interval settings (short, 
middle, and long). On the suburban arterial, the 
participant observed the functionality of the ACC 
system in stop and go traffic situations, including 
how the ACC system can brake to a complete stop 
and re-accelerate while following the assist 
vehicle. All participants observed at least one stop 
or near-stop (5 mph or less).  

     Rear Cross Traffic Alert The demonstration 
drive concluded with the rear cross traffic alert 
demonstration in the NADS parking lot. After 
pulling into a perpendicular parking space, the 
demonstration driver slowly backed out of the 
parking space while the assist vehicle traveled 
towards the rear passenger side of the research 
vehicle, activating the rear cross traffic alert on the 
right side. The participant then observed the rear 
cross traffic alert from the driver’s side, as the 
assist driver made another pass from the left.  

RESULTS  
The final dataset included a total of 120 
participants from the Iowa City regional area 
between the ages of 30 and 55 (M = 41.4, SD = 
8.2), balanced equally by gender. All participants 
had at least 12 years of driving experience (M = 
24.6, SD = 8.5). The majority of participants were 
employed outside the home (92%) and the mode 
household income range was $50,000 - $99,999.   
 
ADAS Technology Knowledge  
Analyses in this paper focus on the 22 driver 
knowledge questions included in the Pre- and Post-
Visit Surveys. These questions were identical in 
content in both surveys. All knowledge questions 
were randomized in appearance within the surveys 
between participants. While the five ADAS 
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technologies did not have an identical number of 
knowledge score questions, each technology did have 
knowledge questions that measured the purpose, 
function (how the technology works), and limitations. 
To ensure the purpose, function, and limitations were 
equally measured for each technology, the 
technologies had varying numbers of knowledge 
questions.    
 
Participant knowledge about the ADAS technologies 
was measured by comparing participants’ answers to 
the 22 knowledge questions on the Pre- and Post-
Visit Surveys. All driver knowledge questions only 
had one correct answer choice. Responses to each 
knowledge question were converted to scores by 
assigning a value of 1 when participants selected the 
correct answer and received 0 when they selected 
anything other than the correct answer. Scores were 
calculated for each participant into a continuous 
variable by adding together the correct responses to 
the 22 driver knowledge questions. This resulted in a 
total possible score range of zero through 22. 
 
Knowledge scores were calculated for all 
participants. On average, participants got six 
knowledge questions correct on the Pre-Visit Survey 
(Table 1). After completing the site visit, the 
knowledge scores increased on average by 10 points 
to an average score of 16.45 correct on the Post-Visit 
Survey.  
 
Analysis of the knowledge score means were 
calculated for each of the four learning protocol 
groups as reflected by Table 7. The Pre- and Post-
Visit Survey knowledge scores and the standard 
deviation with each learning protocol are noted.  
 

Table 7. 
Knowledge score by learning condition 

 Pre-Visit 
Knowledge 

Score   
(SD)  

Post-Visit   
Knowledge 

Score  
(SD) 

All participants   5.99 
(2.97) 

16.45 
(2.69) 

Demonstration drive  5.87 
(2.94) 

15.73 
(2.43) 

Owner’s manual  5.63 
(2.44) 

15.43 
(2.94) 

Demonstration drive + 
owner’s manual  

6.7 
(3.26)  

17.77  
(2.51) 

Owner’s manual + 
demonstration drive  

5.77 
(3.19) 

16.87 
(2.27) 

 
The following table (Table 8) represents the 
difference within each group of the total knowledge 
score from the Pre- to Post-Visit Surveys. The paired 

samples test in Table 8 illustrates that the difference 
from the Pre- to Post-Visit Surveys was statistically 
significant within each condition group. 

 
Table 8. 

Knowledge score difference by learning condition 

 Difference 
from Pre- to 

Post-Visit 
Survey 

(SD) 

p-value T 
statistic 

df 

All participants +10.46 
(0.28) 

<0.001 31.05 119 

Demonstration 
drive  

+9.87 
(0.51) 

<0.001 16.7 29 

Owner’s manual  +9.8 
(0.50) 

<0.001 13.58 29 

Demonstration 
drive + owner’s 
manual  

+11.07 
(0.75) 

<0.001 16.97 29 

Owner’s manual 
+ demonstration 
drive  

+11.1 
(0.92) 

<0.001 15.49 29 

 
When considering only the Post-Visit Survey 
knowledge score (not considering for the Pre-Visit 
Survey knowledge score or standard deviation), 
participants in the condition that received the ride-
along demonstration drive followed by the owner’s 
manual had the highest calculated knowledge score 
of 17.77, with a standard deviation of 2.51. It should 
be noted that this group also had the highest 
calculated Pre-Visit Survey knowledge score total, as 
well as the highest standard deviation value in the 
Pre-Visit Survey. The both groups both had the 
greatest difference of knowledge score gain from the 
Pre-Visit Survey the Post-Visit Survey of +11.07 and 
11.1.  
 
When only considering the difference from the Pre- 
to Post-Visit Survey, participants that reviewed the 
owner’s manual followed by the demonstration drive 
had the greatest difference from the Pre-to Post-Visit 
Survey of +11.1, slightly larger than the difference 
calculated for participants receiving the 
demonstration drive followed by reviewing the 
owner’s manual.  

The conditions that only consisted of the 
demonstration drive or reviewing the owner’s manual 
had knowledge score totals of 15.73 and 15.43, 
respectively. Additionally, the demonstration drive 
only protocol participants had a calculated difference 
of 9.87, while the owner’s manual only participants 
had a calculated knowledge score difference of 9.8 
from the Pre- to Post-Visit Surveys. The owner’s 
manual only had the lowest calculated Pre-Visit 
Survey knowledge score of the four groups at 5.63, 
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with the second greatest standard deviation among 
the four protocols. The owner’s manual only protocol 
also had the lowest calculated knowledge score in the 
Post-Visit Survey, with the greatest standard 
deviation of the four protocol groups.  
 
To better understand the variance between the 
groups, a set of ANOVA analyses was conducted. 
The research team wanted to understand if there were 
any effects of each group’s starting (Pre-Visit 
Survey) and ending (Post-Visit Survey) knowledge 
scores, and the difference in the knowledge score 
from Pre- to Post-Visit Survey by protocol. The 
research team found that the Pre-Visit Survey 
differences between the groups were not statistically 
significant. Additionally, the differences from the 
Pre- to Post-Visit Surveys were not statistically 
significant between the groups, either. ANOVA 
results found that, when comparing the “only groups” 
(those only receiving the demonstration drive or 
owner’s manual protocol) to the “both groups” (those 
experiencing both the demonstration drive and 
owner’s manual), while the means were greater for 
the “both groups,” this was not statistically 
significant. When considering the Post-Visit Survey 
knowledge score only by protocol group, the scores 
were statistically significant (p = 0.018).  

DISCUSSION 
Prior to the site visit, participant knowledge about 
ADAS was relatively low and only slightly better 
than the score expected for guessing at random 
(about 5.23). After completing their site visits, on 
average, TDS participants (regardless of learning 
protocol) had significantly higher total knowledge 
scores. On average, knowledge scores increased 
approximately 170%. Additionally, within each 
protocol group, the knowledge score increased 
from the Pre- to Post-Visit Survey. These results 
indicate that, regardless of learning protocol, 
participants gained knowledge about the ADAS 
technologies.  

The mean knowledge scores for each learning 
protocol varied for both the Pre- and Post-Visit 
Surveys. The mean knowledge scores on the Pre-
Visit Survey for all four learning protocols were 
within 1.1 points of one another. When considering 
these Pre-Visit Survey scores only, no significant 
differences between the participants randomly 
assigned to the four learning protocols were found. 
In other words,  all four between-participant 
groups began the study with comparable levels of 
knowledge of ADAS technologies, even though 
some variability exists between the scores.  

Although at the end of the study participants in the 
two protocol groups that received both the 
demonstration drive and owner’s manual did have 
mean knowledge scores more than a point higher 
than those who received only the demonstration 
drive or only the owner’s manual group, this 
difference was not statistically significant. 
Considering that the four learning groups began 
the study with essentially the same knowledge 
level, further in-depth analyses are required to 
understand the true differences in these scores. For 
example, there may be differences between the 
learning protocols that resulted in better scores for 
the driver knowledge questions regarding 
limitations versus those on purpose or function. 
Future analyses can investigate if a learning 
protocol affects which components participants 
learn about best (purpose, function, or limitation of 
a system).  

While there was individual variety, each learning 
protocol’s mean knowledge score was statistically 
significant, indicating that learning protocol had an 
overall effect on participants’ knowledge of the 
ADAS technologies. As indicated, further analyses 
must be conducted to better understand the 
uniqueness of the effect on knowledge by each 
participant.   
 
LIMITATIONS 
Driver understanding of ADAS technologies in the 
in a broader context is an emerging area of study 
within human factors and automotive HMI in 
general. While there is robust literature in HMI 
issues related to alerting drivers in the crash 
avoidance context, little is known about how such 
ADAS technologies are understood when all 
combined. Until recently, few new technologies 
have been introduced to the driver. ABS and 
electronic stability control (ESC) were among the 
few technologies to be introduced. Now there is 
suddenly a myriad of technologies coming into 
vehicles all at once.  

To best measure driver understanding of these 
changing and evolving technologies, future and 
continued study of driver knowledge of the 
purpose, function, and limitations must continue to 
be investigated. Due to time limitations, this study 
concentrated on five ADAS technologies, which 
only represents a small number of the overall 
driver assistance technologies available on the 
market today. Future studies should expand the 
number of technologies included. 

The TDS focused on a specific subcomponent of 
the population: individuals in the age range that 
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are most likely to purchase a vehicle equipped with 
these features. Future studies should consider 
additional age populations to adequately measure 
any possible differences in comparisons.   

As in all experimental studies, there is a self-
selection effect. For example, individuals that 
expressed interest in participating in the study may 
have been more interested in technology, vehicles, 
or research and wanted the opportunity to observe 
ADAS technologies. Additionally, the site visit 
varied in length for participants from 
approximately one hour to more than two and half 
hours, depending on the learning protocol. For 
example, the protocol involving both the owner’s 
manual and ride-along demonstration drive could 
have lasted up to two and half hours. This time 
commitment could have potentially deterred some 
individuals from participating in the study. 

Finally, this study evaluated changes in driver 
knowledge based on reading written materials 
about or direct observation of the ADAS 
technologies. Previous research indicates that an 
individual’s mental model is crafted and developed 
based on actual use and experience with the 
technology or interface [15]. Knowledge scores 
may be impacted or influenced by a driver’s first 
use of the technology and this influence should be 
further investigated.   

CONCLUSION 
The TDS sought to understand how drivers’ first 
exposure to five ADAS technologies through two 
conventional learning methods affected their 
knowledge of and attitudes about the technologies.  
 
Regardless of initial exposure method to the 
ADAS technologies, knowledge scores increased 
among all participants. Each of the four learning 
protocol groups did individually experience 
increased knowledge scores from the Pre- to Post-
Visit Surveys, demonstrating that these 
conventional learning methods are effectively 
conveying information about the technologies to 
the consumer.  

These findings illustrate that initial exposure 
method to the ADAS technologies influences a 
driver’s overall knowledge of the technology. 
However, further studies and analyses are 
necessary to understand the individual effects of 
each learning method on various elements of driver 
understanding relating to the technologies (i.e., 
purpose, function, or limitation of the technology). 
It is critical that drivers completely understand 
these technologies to ensure their safety benefits 

are translated onto our roadways. As these ADAS 
technologies continue to evolve, consumer 
education should be evaluated to ensure the driver 
understands how to most effectively engage, 
interact, and anticipate the technology’s actions.   
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ABSTRACT 

Carbon Fiber Reinforced Plastic (CFRP) composites are becoming one of the possible solutions for vehicles to 
achieve overall weight reduction in order to meet fuel economy and emission standards while maintaining 
safety requirements. Carbon fiber thermoplastic composites offer several additional advantages over their 
thermoset equivalents: higher levels of ductility and specific energy absorption, rapid processing and 
recyclability. 

The Department of Transportation’s National Highway Traffic Safety Administration (NHTSA) awarded the 
National Center for Manufacturing Sciences (NCMS) a contract to research potential materials and to evaluate 
their impact on vehicle crash safety and weight savings. In a joint research Project, the University of Delaware 
Center for Composite Materials (UD-CCM) and Bayerische Motoren Werke (BMW) investigated available 
computational tools for the design, optimization and manufacture of carbon fiber thermoplastic body-in-white 
structures for vehicle crash applications.  

A vehicle B-pillar was developed to meet the FMVSS No. 214 standard, a US vehicle safety requirement for 
side impact. In addition, BMW internal structural integrity requirements as well as geometrical requirements 
were met. The design process demonstrated the capabilities of a computational tool chain, including 
geometrical design, carbon fiber layout, draping, material property management and dynamic impact 
simulation. Following this approach, a weight reduction of 60% compared to a metal baseline could be 
achieved. 

A thermoplastic B-pillar was manufactured at UD-CCM using infusion as well as thermoforming processes for 
differing parts of the assembly, which could be scaled to meet industry requirements. In the final drop tower 
test series, the B-pillar was proven to meet all considered safety requirements. In addition the computational 
predictive engineering approach could be validated using the test results.
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INTRODUCTION 

Previous studies have shown that composite 
structures deform in a different manner than similar 
structural components made of conventional 
materials like steel and aluminum. The micro-
mechanical failure modes, such as matrix cracking, 
de-lamination, fiber breakage etc. constitute the main 
failure modes of composite structures. These 
complex fracture mechanisms make it difficult to 
analytically and numerically model the collapse 
behavior of fiber reinforced composite structures. 
However, they provide potential for weight saving 
while maintaining a high level of safety in vehicle 
crash applications. 
 
Crashworthiness of carbon composites 
Several studies [1] [2] have shown that carbon 
composites are superior to conventional metal 
structures with respect to energy absorption per 
unit weight in a dynamic impact event. Further 
investigations led to the conclusion that crash 
performance and energy absorption of composite 
structures are influenced by a wide range of design 
parameters as well as material properties and 
loading conditions [3]. Therefore the design and 
dimensioning of composite structures for vehicle 
crash application requires sophisticated 
computational models as well as a flexible, tailored 
design process. 

Structural integrity is a main driver of 
dimensioning of body-in-white structures for 
crashworthiness. BMW conducted a series of 
investigations, showing that composite structures 
offer at least an equal level of safety compared to 
conventional materials, with regard to structural 
integrity subsequent to a crash event. [4] 
 
Thermoplastic Carbon Composites offer specific 
advantages over their thermoset counterparts. 
Material properties of many available 
thermoplastic matrix materials offer greater 
ductility and thus may provide advantages 
concerning energy absorption in an impact event. 
In addition to the mechanical properties some 
thermoplastic composite materials show great 
potential for recyclability compared to most 
thermoset composites. 

REQUIREMENTS 

To obtain suitable performance goals for the 
composite B-pillar component, full vehicle crash 
simulations featuring a conventional steel B-pillar 
have been conducted to measure the amount of 

energy consumed by the B-pillar as well as the 
deformation behavior. It was assumed that as long 
as the composite B-pillar shows an equal or 
smaller intrusion during the course of the impact, 
equivalent or greater occupant safety can be 
achieved by applicable restraint systems. 

In addition to the intrusion requirement, the need 
to ensure structural integrity after the crash event 
permits a valid B-pillar design from separating 
completely or de-bonding completely from 
neighboring parts during the crash. 

DESIGN PROCESS 

In this joint research UD-CCM und BMW aim to 
showcase a design process (Figure 1) suitable to 
support the above mentioned advantages 
thermoplastic carbon fiber materials offer, while 
addressing the challenge of computational 
modelling. This includes evaluation of 
commercially available software. 
 

 
 
Figure 1.  Design Process for Carbon Composite 
Components in Vehicle Crash Application (see 
also appendix 1). 
 
Geometrical Design 
A parametric CAD model of a simple B-pillar was 
developed utilizing a generic design derived from a 
BMW vehicle model. This model helped to 
establish the design space or envelope available for 
composite design and optimization. A wide variety 
of shapes and associated composite designs were 
evaluated. This led to the development of a two-
part closed Hat section. This design considered 
two composite parts with a smooth “Spine” 
laminate bonded to a “Hat” laminate as shown in 
Figure 2. 
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Figure 2. Spine-Hat Adhesively Bonded 
Composite B-pillar. 
 
The Spine was designed to survive the impact 
event without experiencing major failure, while the 
high-elongation nylon-based Hat structure 
absorbed the majority of the impact energy by 
means of deformation and crushing. 
To achieve progressive crushing behavior, off-axis 
dominant laminates were prescribed in the Hat’s 
sidewalls. To reduce overall weight, the laminate 
thickness drops in the vertical axial direction as 
less material was needed in the less-loaded Hat 
upper section. Transition regions were 
automatically built between these regions using 
rules and ply transitions defined with the Grid 
Method in CATIA. The different composite 
regions and transitions zones of the Hat laminate 
are shown in Figure 3. 
 

 
Figure 3. Hat Composite Design with Discrete 
Functionality. 
 
Geometrical design of the composite B-pillar 
evolved during iterative design loops through 
feedback from finite element (FE) simulation of 
the crash event. The final “TAB” Design, shown in 

Figure 4, features cutouts in the Hat section. These 
cutouts significantly reduced strain concentrations 
in the Spine and also resulted in a composite 
design that was lighter and more manufacturable. 
 

 
Figure 4. Finalized TAB Design. 
 
CATIA Composites Engineering Design (CPE) and 
Composite Design for Manufacturing (CPM) 
provided process-oriented tools dedicated to the 
design of composites parts from preliminary to 
engineering detailed design to direct generation of 
manufacturing data. CPE offers three methods for 
composite definition that vary in function and 
complexity and robustness. For this effort, all 
composite components were defined using the Grid 
Based Method to capture and transition the discrete 
functionality within various regions within the 
structure. 
 
Materials 
Carbon fiber reinforced thermoplastics were 
chosen as candidate materials for the design, 
analysis, prototyping, test and evaluation of a B-
pillar. An initial assessment was performed to 
evaluate material forms and thermoplastic resin 
combinations with potential for scalable 
manufacturing processes in the automotive 
industry.  
A materials requirements document was created to 
source carbon fiber thermoplastic materials from 
suppliers in the composites industry, describing the 
fiber, resin and material form criteria for this 
effort. For down-selection of promising candidate 
systems for detailed assessment, a preliminary 
materials screening strategy was adopted for all 
materials sourced in this effort. The strategy 
centered on the measurement of three key 
mechanical properties: 
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• 0-degree tension for translation of fiber 

properties 
• 90-degree tension for processed laminate 

quality and sizing or fiber-matrix adhesion 
• ±45-degree tension for in-plane shear and 

ductility assessment 
 

In addition to these tests, ultrasonic scans for panel 
quality, fiber volume fraction and density 
measurements were performed for all material 
systems. 
Based on this screening procedure two material 
systems were down selected for the two regions of 
the B-pillar (Figure 5). Tencate PA6 / Hexcel AS4 
12K was selected for the Hat section due to its 
superior shear elongation. Arkema Elium / T700 
was selected for the Spine part because of its good 
tensile properties and advantages of good 
manufacturability and relatively low material cost. 
 

 
Figure 5. Relative Key Properties of Selected 
Material Systems. 
 
Throughout the design of the composite B-pillar, 
these initial properties measured from quasi static 
coupon tests were complemented by more in depth 
analyses of material properties. As the B-pillar 
design evolved, additional coupon compression 
tests as well as a sub component test program, 
featuring quasi static crush tests of head section 
profiles, were carried out to measure the post 
damage behavior of the selected materials. 
 
For bonding of the two B-pillar sections, Plexus 
MA530 adhesive was selected. 
 
SMARTree software was used for material 
property management. The software assisted 
calculating different sets of nonlinear material data 
from test results as well as distributing them to the 
design team members. 
 
 

 
Finite Element Modelling and Simulation 
During the iterative design process, a large 
quantity of design variants of the composite B-
pillar were evaluated for crash performance using 
dynamic, explicit FE simulation. To allow for 
quick evaluation of design changes and thus an 
efficient design process, the generation of the FE 
model was automated. 
 
Altair Hypermesh was used to create an FE-Mesh 
based on the geometric shape derived from 
CATIA. The composite layup information is 
mapped onto this mesh and a subsequent draping 
analysis is performed within Hypermesh to obtain 
an accurate estimate of the ply angle for each ply 
and element. To covert the generated FE Model 
into the LS-Dyna format, an automated interface 
was implemented. 
The FE simulations were carried out in LS-DYNA 
due to the variety of material models available for 
composites in this explicit FE code. In order to 
model the multi-layer composite laminates, layered 
shell elements were used. MAT54 was down-
selected as the material model of choice for the 
composite B-pillar application offering a linear 
elastic behavior up to failure and a drop off to a 
limit value after failure. Although other material 
models in LS-Dyna offer nonlinear material 
behavior, the control over nonlinearity in these 
models is limited. Selection of MAT54 was 
considered a conservative approach. Throughout 
all project stages the available material data was 
used to calibrate the material models, thus leading 
to increasing prediction capabilities as the B-pillar 
design evolved. Starting with basic properties from 
material screening up to post failure damage 
behavior captured from sub component tests. 
 
A non-congruent solid adhesive layer was modeled 
at all adhesive locations using 
*MAT_COHESIVE_MIXED_MODE element 
formulation in conjunction with tie constraints. 
The adhesive model was fitted to test data obtained 
from tension and lap-shear tests. 

MANUFACTURE AND TESTING 

To prove the validity of the documented design 
process and to demonstrate the feasibility of the 
developed B-pillar component five B-pillars were 
manufactured and tested by UD-CCM. 
 
Manufacture 
Due to the different material systems chosen for 
Spine and Hat section, production utilized different 
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processing approaches. Both the liquid molding 
process for Spine production and the forming 
process for Hat manufacture have potential to be 
scalable for mass production. The mass production 
equivalent for the Spine vacuum infusion being a 
resin transfer molding process, which is well 
established for thermoset CFRP. 
 
During liquid composite molding (LCM) 
processing of the Spine a dry fiber textile is 
impregnated with a liquid low-viscosity resin. The 
applied pressure gradient between the injection and 
vent gate allows resin infiltration of the fiber 
reinforcements. 
Flat pattern of the preform design was generated 
and cut from uni-directional carbon fabric (Figure 
6).  
 

 
Figure 6. Preform Kitting. 
 
An adhesive layer was added through a heat 
treatment to minimize any loss of individual tow 
bundles as the material was cut and handled. The 
final assembly was heat treated under vacuum at 
120°C for an hour and resulted in a good 
dimensional stable preform which was further 
processed for final infusion. 
Initial infusions showed significant void space 
close to the injection locations. The pressure in the 
injection gates at the end of infusion will drop to 
almost atmospheric pressure. It was speculated that 
this allows generation of vapors in the infusion 
areas resulting in an increase in vapor pressure 
pushing the resin out of the preform area locally. 
The effect led to the observed dry-spot 
development (Figure 7). In all further experiments, 
the injection ports were inverted to a vent as 

gelation in the resin bucket was observed. This 
minimized vapor generation and thus dry-spot 
development. 
 

 
Figure 7. Dry-Spots after Infusion. 
 
Over the project period 10 Spines were produced, 
with 5 being used for impact testing. 
 
Hat Section Manufacturing: Forming of 
continuous uni-directional carbon fiber 
thermoplastic parts is still in its infancy with 
limited thermoplastic uni-directional prepreg 
material availability coupled with no established 
simulation tool to predict the forming process. The 
major processing challenge is the forming of the 
heated but still viscous blank material over the 
tool. 
The three major processing steps include 
consolidation of an engineered blank and heating 
of the blank followed by forming of the blank in a 
die. The NHTSA program established a three-stage 
thermoforming system at UD-CCM which 
integrated a 54 kW infrared (IR) heater station, 
blank preparation station with a shuttle in a 150-
ton press system (Figure 8). The system allowed 
placement of the blank into the shuttle, rapid 
heating of the blank under the IR heater followed 
by forming in the press section. The system was 
used to produce flat components for mechanical 
tests and small-scale Hat sections for sub-element 
testing. During full-scale Hat production, the 
engineered blank was heated in the press using 
convection and then pressed in shape. 
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Figure 8. Schematic of Forming Station. 
 
For production of the full-scale Hats, engineered 
blanks based on the final B-pillar design were 
assembled manually (Figure 9). Twenty-six 
prepreg layers were arranged to form the blank 
with the majority of the off-axis plies being 
located on the vertical walls of the Hat. Plies were 
manually cut using a pattern master and pieces 
were attached to the main body using a point 
welding process. The final blank was consolidated 
under vacuum. 
 

 
Figure 9. Assembly of Prepreg Pieces to Form 
Hat Blank. 
 
The IR heating cell, shown in Figure 8, was 
extended to accommodate a larger blank but 
uniform heating was difficult to accomplish using 
the heater bank system. Heat gradient between 
individual heater units as well as temperature 
losses along the cell edges resulted in unacceptable 
temperature gradients of more than 10°C. Thus, the 
press and molds were insulated and the cavity was 
heated using the integrated press and external 
convection heaters. A blank was placed on the 
mold surface and the system was heated. 
The stamping process was initiated at 230°C. After 
forming, the part was actively cooled to room-
temperature. A total of six parts were 
manufactured successfully using this approach. 

B-pillar Assembly was achieved by adhesively 
bonding Spine and Hat. Therefore the tool used to 
manufacture the Hat in the thermoforming process 
also served as a jig for assembly and bonding of 
the Hat to the Spine. After both Hat and Spine 
were fabricated by their respective processes and 
trimmed to final shape adhesive dispensing was 
performed with the UD-CCM robot (Figure 10). 
 

 
Figure 10. B-pillar Assembly. 
 
Testing 
As final assessment of the composite B-pillar, a drop 
tower test was performed at UD-CCM.  
 
The B-pillar test setup included a generic steel 
rocker to provide realistic boundary conditions for 
the B-pillar compared to the FMVSS No. 214 side 
impact crash test. Figure 11 shows the clamping 
fixture for the steel rocker as well as the complete 
assembly including the composite B-pillar, the 
generic steel rocker and the fixtures on either side 
of the rocker and on the top of the B-pillar. The 
top of the B-pillar was clamped directly in this 
drop tower setup. The steel rocker was a single use 
component and partially impacted and deformed 
during the drop tower tests. 
 

 
Figure 11. Drop Tower Setup. 
 
The B-pillar was impacted by a rigid steel 
impactor which allowed for a small angular 
rotation around the vehicle x-axis. In previous FE 
analyses this configuration had been found to 
represent the FMVSS No. 214 loading conditions 
closely considering the limitations of a drop tower 
facility. 
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The tests were conducted at an impacting mass of 
568.8 kg and an impact velocity of 7.26 m/s which 
yielded an impact energy of 15.02 kJ. During the 
tests impactor displacement as well as forces at the 
impactor were measured. Additionally the B-pillar 
deflection and strain field was measured on the far 
side of the B-pillar with a digital image correlation 
system. Additional force measurements were 
conducted at the B-pillar and rocker fixtures.   
 

 
Figure 12. Time History of Impactor Force. 
 
Experimental Results were used to judge the B-
pillar performance as well as to validate the virtual 
prediction and the design process. Figure 12 shows 
time history of impact contact forces for all five 
experiments. Investigating the high-speed 
photography of the first test (TOP-LVI on B-pillar 
B1) revealed that the roof clamp fixture, although 
firmly bolted to the floor, slid inward towards the 
rocker during impact. Additional measures were 
taken such that sliding of the roof clamp fixture 
was prevented. The inadequate boundary 
conditions in the first test resulted in additional 
compliance, longer duration impulse loading and a 
reduction in the peak load. The validity and 
functionality of all other instrumentation was 
proven in this initial test. 
 
Subsequent tests were compared to the FE 
simulation model prediction as shown in Figure 
13. While force over time as well as deformation 
shape show very similar peak results and a good 
over all correlation between test results and model 
prediction, the impactor displacement is 
significantly higher in the test data. Since the B-
pillar far side deflection obtained from the test is 
equal to the prediction, the difference in impactor 
displacement indicates a higher amount of B-pillar 
crushing taking place in the drop tower tests.  
 

 

 

 
 
Figure 13. Comparison of FE Model (red / 
dotted) and Test Results (blue / solid). 
 
To judge the performance of the B-pillar with 
respect to structural integrity after the impact, the 
specimens were thoroughly inspected visually. As 
predicted, the Hat section showed significant 
amounts of crushing and fiber damage as shown in 
Figure 14.  
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Figure 14. Crushing of Hat Section. 
 
Figure 15 shows the adhesive bond between Hat 
and Spine which failed locally in the areas 
predicted by the simulation model. 
 

 
Figure 15. Debonding of Hat and Spine. 
 
The Spine did not show any fiber damage, though 
delamination in the Spine was visible at the rocker 
bonding location (Figure 16). However, a 
significant fraction of the Spine laminate was still 
adhesively connected to the rocker, which led to 
the B-pillar being able to arrest impactor 
movement after rebound and supporting the static 
load. 
 
 

 
Figure 16. Spine Delamination. 
 
CONCLUSIONS 
 
UD-CMM and BMW investigated thermoplastic 
carbon fiber reinforced materials for vehicle side 
frame structures. The proposed B‐pillar was 
designed to meet structural and crash safety 
requirements (e.g., FMVSS No. 214 barrier) using 
thermoplastic composites which offers significant 
advantages (e.g., recycling, joining) compared to 
thermoset with the potential for improved crash 
performance. Novel side-impact crash concepts 
maximizing crash performance have been 
developed and commercial available thermoplastic 
materials were characterized to define appropriate 
material models and to evaluate energy absorption 
mechanisms. Predictive engineering at all levels, 
from coupon to sub-element to full-scale, guided 
the material down-selection. The same CAE tools 
simulate full vehicle to component & test setup 
behavior and were used to optimize 
manufacturability and structural / crash 
performance. Sub-components and B-pillars were 
fabricated using stamp forming and infusion 
processes, allowing scalability with the potential to 
meet automotive production rates in the future. 
The UD-CCM high energy drop tower was used to 
validate the predictive engineering tools and crash 
performance of the proposed B-pillars under 
realistic side-impact crash conditions. 
The B-pillar design was spatially optimized for 
energy absorption (ductility), stiffness, and 
strength while maintaining part producibility and 
vehicle integration. BMW established B-pillar 
performance metrics derived from full-vehicle 
crash simulations and other design and integration 
requirements. UD-CCM provided a full range of 
capabilities in materials selection and evaluation, 
composite design, analysis and crash simulations, 
process development and manufacturing (tooling, 
part production, trimming), full-scale pillar 
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assembly and high-energy impact testing. This 
project has demonstrated design, materials, 
manufacturing and joining methods with 
continuous carbon fiber thermoplastics, at 
technology readiness level (TRL) 4-7 to meet 
automotive industry and government safety 
specifications.  
 
Key achievements from this project are 
summarized as follows: 
 

• Successful fabrication and manufacture of an 
all thermoplastic composite B‐pillar that is 
60% lighter than the existing metallic design 
while meeting project requirements for 
NHTSA FMVSS No. 214 side-impact crash. 

• State-of-the-art CAE tools were evaluated 
(with internally developed data translation) 
simulating full vehicle to component impact 
(Dassault Systemes CATIA, Altair 
HyperWorks & LSTC LS-DYNA). 

• Innovative production methods were 
developed and demonstrated for this multi-
material part that included infusion and 
thermoforming tailored blanks with the 
potential to meet 2 minute cycle times. 

• Adhesive bonding methods were developed 
and automated for dissimilar thermoplastics 
and steel interfaces. 

• Automated trimming of the thermoplastic 
components was developed and demonstrated 
without damage to the composite structure. 

• A test fixture was designed and integrated 
into UD-CCM high-energy impact tower 
simulating the crash behavior during side-
impact crash without using a full vehicle 
structure. 

• Multiple full-scale B-pillar assemblies 
(incorporating steel roof and frame rail) were 
successfully impact tested under 100% 
equivalent energy of FMVSS No. 214. 

• The composite B-pillar response in the 
vehicle sub-component configuration satisfies 

all of the intrusion safety requirements to 
meet the requirements of FMVSS No. 214. 

• All composite B-pillars exhibited rebound 
and post-impact structural integrity in terms 
of fully supporting the impactor dead weight 
of 568.80 kg. 

• The impact test was simulated and compared 
to the experimental data (deflection, load, and 
others), validating the predictive engineering 
approach. 
 

The goals of the project, validating the predictive 
engineering tools and demonstrating equal or 
better occupant safety performance at reduced 
weight as equivalent steel vehicle components, 
have been successfully accomplished. 
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APPENDIX 
 

 
Appendix 1. Larger depiction of Figure 1: Design Process for carbon composite component in vehicle crash 
application. 
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ABSTRACT 
 
As of January 2016 Euro NCAP has implemented a new protocol that examines the occupant protection in the 
rear seats of the car and in particular the protection available for child population using booster seats.  In this 
case the belt restraint system of the car plays an important role as it is used to secure the booster and the child 
to the vehicle. New dummies, Q6 and Q10 and performance criteria are part of this new protocol. The Q6 
dummy is to be restrained in a high back booster while the Q10 is secured in a booster cushion. The choice of 
the later was aimed at encouraging car manufacturers to introduce innovative restraint systems that protect not 
only adults but also children. In order to meet the new requirements an increased effort in the OEM/CRS 
Manufacturer collaboration had to be thought thru in terms of the booster CRS performance and its approval.  
 
To achieve these new requirements a high-back booster was developed based on existing platform, i.e. the 
KIDFIX XP that is part of the Euro NCAP top pick list. The newly developed seat comprises a detachable 
cushion that can be used for older children and that is equipped with a belt guide for the vehicle shoulder belt 
routing. The validation of the seat included CAE modeling, sled and crash tests. 
 
This paper highlights the key aspects of this new Euro NCAP protocol, its rational and the technical and 
approval challenges associated with it.
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INTRODUCTION 

Since its introduction in 2003 the child protection 
protocol in Euro NCAP comprised child restraint 
systems that were aimed at the child population from 
birth to approx. 4 year old. The child restraint 
systems were installed in the car with a 1,5 and a 3 
year old dummies. The car was subjected to an offset 
deformable barrier test and a side impact barrier test 
at resp. 64 and 50 km/h (1 Euro NCAP, 2014). Most 
of the CRSs tested had an Isofix attachment and 
therefore the belt system of the car in the majority of 
the cases was not used.  
 
The new protocol is focussed on the protection of 
children that uses booster seats, where Q6 and Q10 
dummies are used respectively with a highback 
booster and a booster cushion (2 Euro NCAP, 2015). 
 
The overall safety rating prioritizes child occupant 
protection by making it one of the key pillars of the 
vehicle safety rating. The rating principle covers the 
following areas:  
- CRS installation checks: assessing the vehicle 

ability to easily accommodate a large range of 
CRSs. These are summarized in a top pick list as 
shown in figure 1.  

- Safety provision in the vehicle: provisions of 3 pt 
seat belts, i-Size and top tether marking, 
passenger airbag warning label and ability to 
install large isofix CRSs. 

- Crash protection: dynamic assessment based on 
Q6 and Q10 dummy responses in frontal and 
side impact tests. 

 
Universal Belted CRS: 
 
CRS Group Installation 
Maxi Cosi Cabriofix 0+ Belt mounted 

Maxi Cosi Cabriofix 
plus Easybase2 

0+ Belt mounted with 
base & supp. leg 
RF 

Römer King II LS I Belt mounted 

Römer Kidfix XP II/III Belt mounted 

 
ISOFIX CRS: 
 
CRS Group Installation 
Maxi Cosi Cabriofix 
& Familyfix 

0+ ISOFIX mounted 
with base & supp. 
leg, RF 

BeSafe iZi Kid X3 
ISOfix 

0+/I ISOFIX mounted 
with supp. leg, RF 

Römer Duo Plus I ISOFIX with top 

tether mounted 
Römer Kidfix XP II/III ISOFIX mounted 

FF 
 
i-Size CRS: 
 
CRS Group Installation 

Maxi Cosi 2way 
Pearl & 2wayFix 

67cm-
105cm 
≤18.5kg 

ISOFIX mounted 
with supp. leg RF 

>15months 
– 105cm 
≤18.5kg 

ISOFIX mounted 
with supp. leg FF 

BeSafe iZi Kid X1 i-
Size 

61cm – 
105cm 
≤18.0kg 

ISOFIX mounted 
with supp. leg RF 

 
Table 1.  

Euro NCAP Top pick list of CRSs – 2016 protocol 
(3 Euro NCAP, 2015) 

 

HOW THE CRASH PROTECTION IS 
ASSESSED IN EURO NCAP 2016 
PROTOCOL? 

This is based on the criteria such as HIC 15, head 
3ms acceleration, head excursion, upper neck tension 
and chest 3ms acceleration in frontal impact. In side 
impact HIC 15, head 3ms acceleration, upper neck 
resultant force and chest 3ms acceleration are 
considered. The scoring system allows for 8 points in 
frontal impact and 4 points in side impact 
respectively for each dummy (2 Euro NCAP, 2015). 
 
Regardless of dummy performance criteria, penalties 
for poor restraint are applied in the following cases: 
- Dummy ejection from restraint 
- Failure of restraint system’s component 
- Submarining of the dummy  
- Diagonal belt sleeping off the shoulder during 

dummy forward displacement 
The performance criteria are provided in table 1. 
 

Body 
region  

Dummy 
measures 

64 kph ODB 
(front) 

50 kph (side) 

Head HIC15 (with 
hard contact) 

500 700 500 700 

Resultant 3ms 
acceleration 

87g 100g 72g 88g 

Excursion          
Q6            
Q10 

450
mm 

 
550mm 
550mm 

  

Upper 
Neck 

Tension Fz 
Resultant 
Force   
Q6                  
Q10 

1.7 
kN 
 

2.62kN   
 
 
2.4kN 
2.2kN 

Chest 
(T4) 

Resultant 3ms 
acceleration 

41g 55g  67g 
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Total 
Score 

 8 points / 
dummy 

4 points / 
dummy 

 
Table 2. 

Crash protection assessment criteria (5 van 
Ratingen, 2016) 

 

RATIONAL FOR EURO NCAP 2016 

The restraint system technology in the vehicle front 
seats has tremendously improved as a consequence of 
regulatory crash tests and Euro NCAP test 
requirements. On contrary the advances in safety 
technology have lagged in the rear. Front seat 
technology nowadays includes as standard 
equipment, belt load limiters, belt pretensioner, front 
and side airbags, even knee airbags. That’s not the 
case for rear seats (4 Sahraei at al., 2010). The aim of 
the 2016 Euro NCAP Child Protection Protocol is to 
encourage improvements of the safety of rear seats 
and in particular that of the children population that 
uses booster seats.  The child restraint system in this 
case must be recommended by the OEM. 
 

 
Figure 1. Rear vs. front seat safety FARS, 1990-
2009 (4 Sahraei at al., 2010) 
 

STARTING POINT KIDFIX XP BOOSTER 
SEAT 

An existing booster platform, called Kidfix XP, was 
used as a starting point due to the fact that this 
booster got a good assessment in the consumer 
testing program, Stiftung Warentest (5 Stiftung 
Warentest, 2014). That testing programme includes 3 
main demands: dynamic performance in frontal and 
side impact sled tests, usability and hazardous 
substances. It should be noted that this consumer 
program discourage the use of booster cushion as a 
stand-alone restraint system.  

The CRS is restrained to the vehicle using the seat 
belt and ISOFIX attachments, and in its original 
form, comprises a booster cushion that is 
permanently attached to the back part. For this 
project, a modification was made to the seat to allow 
the cushion to be detached from the back. In the high 
back version, the seat also comprises an adjustable 
head restraint that holds a belt guide. In the cushion 
version, the CRS comprises a belt guide that is linked 
to a strap as shown in Figure 2. 
 
 

 
 

 
Figure 2. Design of the Kidfix XP CRS 
 

THE TECHNICAL & APPROVAL 
CHALLENGES 

The challenges in this project comprised 2 aspects i.e. 
to develop a booster that meet the new requirements 
with a capability to sustain the demands of the OEM, 
and to define the approval process of such a booster 
under the regulation R44/04.  For the technical part, 
one of the key challenges was to provide a solution 
that ensures an adequate positioning of the shoulder 
belt in the booster cushion version. For the approval 
part, the high back booster was to be approved as 
universal CRS in R44 04. The booster cushion as a 
part to be detached from the high back booster was to 
be approved as a semi-universal CRS. In terms of 
availability in the market, this CRS is sold only in the 
OEM network. The approval matrix is summarized in 
table 2. 
 
Approval groups 
per R44 04

Group II and III Group III 

Type of restraint Highback booster Booster cushion & 
belt strap* 

Approval mode  Universal with 3pt 
belt 

Universal with 3pt 
belt 

Semi-universal 
with 3 pt belt + 
Isofix 

Semi-universal 
with 3 pt belt + 
Isofix + belt strap 

* sold only in the OEM network, not as stand-alone restraint 
system 
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Table 3. 
Approval matrix used for the certification of the 

Kidfix XP seat 
 
In a recent publication Euro NCAP (6 van 
Ratingen, 2016) has highlighted the dynamic test 
results obtained in 17 cars involving various types 
of non-integral child restraint systems. It is shown 
that: 
 
- Q6 results in frontal impact: most of the cars 

are below the HIC15 and the head acceleration 
limits but a few were at or above the limits for 
upper neck tension and chest acceleration.  

- Q6 results in side impact: all 17 cars are below 
the limits  

- Q10 results in frontal impact: HIC15, head 
acceleration and chest acceleration are below 
the limits, while in majority of cases neck 
tension limit was exceeded 

- Q10 results in side impact: HIC15 and upper 
neck are at or below the limits, while the head 
acceleration and chest acceleration limits were 
exceeded in some cases 

 
The above mentioned results reflect the demanding 
level of Euro NCAP 2016 protocol. 

KIDFIX XP IMPROVEMENTS 

The original Kidfix XP seat was evaluated using 
CAE tools and sled tests. Some improvements in the 
area of the head restraint, side wings and the seat 
cushion were developed and validated. The solutions 
were optimized through component testing as well as 
sled and crash testing. 
 

TETS RESULTS WITH KIDFIX XP IN ONE 
CAR ENVIRONMENT   

The results that were obtained with this version of the 
Kidfix XP and one car environment are provided (7 
Bendjellal et al, 2016). We will highlight here the key 
findings. In frontal impact the score reached with Q6 
and Q10 were respectively 7.85 and 7.71 
respectively. In the side impact 4 points were reached 
with both dummies, leading to a total of 23.7 points 
or 99% for the dynamic assessment. 
 
- Key motion sequences from the frontal and side 

impact tests are shown in figure 4 
- It can be seen from these sequences that in 

frontal impact the restraint system for both Q6 
and Q10 is doing its “job”, i.e. in both cases the 
dummy lower part and upper torso are 
adequately restrained. 

- In the side impact as the vehicle intrusion is well 
controlled the Q10 occupant can benefit from the 
deployment of the side airbag curtain 
 

 

Figure 3. Principle motion sequences selected 
from frontal impact (upper) and side impact 
(lower) in Euro NCAP tests with one car and 
Kidfix XP CRS. Reproduced with the permission 
of Euro NCAP.  
 

SUMMARY 

The 2016 Euro NCAP child occupant protection 
protocol opens a new era in that, it will contribute to 
further enhancing the safety of rear seat occupants in 
general, and that of the child occupants secured with 
a booster and the vehicle seat-belt. The important 
point is that the overall restraint performance will be 
a resultant of the vehicle restraint system and the 
CRS. It can be noted that 14 cars out of 17 tested by 
Euro NCAP and reported in (6 van Ratingen, 2016) 
were equipped with belt load limiters and 
pretensioners in rear outboard seats.  
The study presented in this paper is an illustration of 
the combination of “Vehicle + CRS” that was 
capable of achieving the demanding Euro NCAP 
requirements. Two types of challenges were 
encountered during the development of this project:  
 
1. Dynamic performance in both frontal impact and 

side impacts,  especially as far the Q10 dummy 
is concerned, where it is restrained in a booster 
cushion and  

2. the approval modes for the seat in its versions, 
high back or cushion only.  

 

As Euro NCAP will continue to test in the future 
such a combination vehicle + CRS, there is a 
potential for additional safety for children to be 
expected, i. e. an improvement of restraint 
technology in rear seats. 
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ABSTRACT 
 
Supported by field accident data and monitoring results of European Regulation (EC) No. 78/2009, recent plans 
of the European Commission regarding a way forward to improve passive safety of vulnerable road users 
include, amongst other things, an extension of the head test area. The inclusion of passive cyclist safety is also 
being considered by Euro NCAP. Although passenger car to cyclist collisions are often severe and have a 
significant share within the accident statistics, cyclists are neither considered sufficiently in the legislative nor in 
the consumer ratings tests. Therefore, a test procedure to assess the protection potential of vehicle fronts in a 
collision with cyclists has been developed within a current research project. For this purpose, the existing 
pedestrian head impact test procedures were modified in order to include boundary conditions relevant for 
cyclists as the second big group of vulnerable road users. 
 
Based on an in-depth analysis of passenger car to cyclist accidents in Germany the three most representative 
accident constellations have been initially defined. The development of the test procedure itself was based on 
corresponding simulations with representative vehicle and bicycle models. In addition to different cyclist 
heights, reaching from a 6-year-old child to a 95%-male, also four pedal positions were considered. By 
reconstruction of a real accident the defined simulation parameters could be validated in advance.  
 
The conducted accident kinematics analysis shows for a large portion of the constellations an increased head 
impact area, which can reach beyond the roof leading edge, as well as high average values for head impact 
velocity and angle. Based on the simulation data obtained for the different vehicle models, cyclist-specific test 
parameters for impactor tests have been derived, which have been further examined in the course of head and 
leg impact tests. In order to study the cyclist accident kinematics under real test conditions, different full scale 
tests with a Polar-II dummy positioned on a bicycle have been conducted. Overall, the tests showed a good 
correlation with the simulations and support the defined boundary test conditions.  
 
Typical accident scenarios and simulations reveal higher head impact locations, angles and velocities. An 
extended head impact area with modified test parameters will contribute to an improved protection of vulnerable 
road users including cyclists. However, due to significantly differing impact kinematics and postures between 
the lower extremities of pedestrians and cyclists, these injuries cannot be addressed by the means of current test 
tools such as the flexible pedestrian legform impactor FlexPLI. 
 
Based on the findings obtained within the project as well as the existing pedestrian protection requirements a 
cyclist protection test procedure for use in legislation and consumer test programmes has been developed, whose 
requirements have been transferred into a corresponding test specification. This specification provides common 
head test boundary conditions for pedestrians and cyclists, whereby the existing requirements are modified and 
two parallel test procedures are avoided. 
 
 
 
INTRODUCTION 
 
Since more than a decade, test and assessment 
procedures for the protection of vulnerable road 
users in the event of collisions with motor vehicles 
are well established according to Regulation (EC) 
No. 78/2009 within the framework of European 

Vehicle Type Approval (European Union, 2009) as 
well as in Consumer Information Programmes such 
as Euro NCAP (2016). However, the component 
test procedures carried out with impactors 
representing the head and lower extremities are 
more related to pedestrians rather than to cyclists as 
the second big group of vulnerable road users.  
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In 2015, altogether 78.176 bicyclists have been 
injured in road traffic injuries in Germany, thereof 
383 fatally and 14.230 seriously. While for 
pedestrians a decrease of 40% of fatal injuries 
(from 900 to 537)  and of 30% of severe injuries 
(from 11.215 to 7.792) could be observed in the 
years from 2001 to 2015, the number of seriously 
injured cyclists remained constant at a level of 
14.741 in 2001 and 14.230 in 2015. However, the 
number of fatally injured cyclists decreased from 
635 to 383 during the same time period 
(Statistisches Bundesamt, 2016). A contribution to 
the decrease of cyclist fatalities may be assumed in 
the increase of helmet usage frequency in particular 
for children of ages between 6 and 10 years (76 
percent in 2015 compared to 56 percent in 2011). 
On the other hand, the overall bicycle helmet usage 
frequency was still at an unsatisfactory level of 
only 18 percent in 2015 (Federal Highway 
Research Institute BASt, 2016). 
 
Latest plans of the European Commission in order 
to improve the passive safety of vulnerable road 
users and in particular bicyclists refer to an 
extension of the area for the head impactor tests. 
The inclusion of passive cyclist safety is also being 
considered by Euro NCAP and currently under 
review. Due to certain specific particularities, some 
vehicle to pedestrian and cyclist collisions are seen 
as remaining unavoidable regardless the 
introduction of automated braking initiated by a 
detection of pedestrians and cyclists. Therefore, an 
extension of the adult headform zone, including 
stiff structures around the windscreen frame, 
windscreen base and the A-Pillars, will be taken 
into consideration (European Commission, 2016). 
 
ACCIDENT ANALYSIS 
 
Starting point for the modification of existing 
pedestrian test procedures towards an extension to 
cover a broad range of cyclist injuries is an in depth 
knowledge of real world cyclist accident 
constellations as well as the latest developments 
regarding cyclist safety. Based on available 
accident studies an in depth analysis of cyclist 
accidents was carried out, including the 
identification of relevant accident scenarios and 
parameters such as collision angles, vehicle and 
cyclist speeds, body impact locations, distribution 
of cyclist statures and injury causing vehicle parts. 
Important results are information on the injury 
severities and frequencies. The analysis of 
accidents was mainly focused on results from the 
German In-Depth Accident Study (GIDAS), the 
German Insurers Accident Research (UDV) as well 
as the EC funded FP 6 project APROSYS 
(Advanced Protective Systems). 
 
 

Accident scenarios 
A study of all vehicle to cyclist collisions within 
the German In-Depth Accident Database GIDAS 
resulted in five principal accident scenarios related 
to frontal collisions, as depicted in figure 1, thereof 
the most important ones with the vehicle driving 
straight ahead and the bicycle crossing: 
 

 
 
Figure 1.  Frontal impact scenarios with 
passenger cars and bicyclists (Helmer et al., 
2012). 
 
According to the accident data the most frequent 
impact constellation is the vehicle impacting the 
bicycle with the vehicle front (80 percent with the 
bicycle crossing from the right and 72 percent 
when crossing from the left; 59 percent with the 
vehicle turning to the right and 70 percent with the 
vehicle turning to the left).This general trend can 
be confirmed by further studies of different 
accident databases. Liers (2011) found more than 
80 percent of bicyclists having an accident in 
crossing or turning scenarios; an accident 
investigation carried out by Kühn et al. (2013) 
resulted in 76 percent of all cyclists having 
accidents in the mentioned scenarios. Though 
bicyclists are more frequently involved in 
longitudinal accidents than pedestrians, the 
bicyclists crossing from the left or right side are of 
the highest relevance. The above mentioned 
observations were, in principle, confirmed by 
results of the EC funded FP 6 project APROSYS. 
On the other hand, Carter (2005) found country 
specific deviations within the constellations where 
e.g. in Great Britain a not straight forward 
movement of the passenger car is of much higher 
importance within the accident figures than the 
straight forward one, while in Sweden a turning 
bicyclist in front of a straight forward driving 
passenger car has the highest relevance. 
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Vehicle speeds 
For the identified accident scenarios as depicted in 
figure 1, the distribution of the collision speeds is 
given in figure 2: 
 

 
 
Figure 2.  Frontal impact scenarios with 
passenger cars and bicyclists – vehicle velocities 
(Helmer et al., 2012) 
 
While the accident scenarios 1 to 4 result in a 
median of approximately 20 km/h for initial as well 
as collision speed, scenario 7 shows significantly 
higher values (40 km/h initial speed and 35 km/h 
collision speed), also due to the higher portion of 
accidents in rural areas.  
 
Alongside a limitation of the investigations to 
frontal impacts with MAIS2+ injury severity, the 
average collision speed increases to 26,8 km/h 
(median 23 km/h). When focusing on frontal 
collisions with MAIS3+ injuries the average 
vehicle speed increases to 36 km/h, which is below 
the collision speed in accidents with pedestrians, 44 
km/h. (Fredriksson et al., 2012). 
 
Altogether, the vehicle collision speeds are lower in 
accidents with bicyclists when being compared to 
those with pedestrians. This observation, that was 
also confirmed by Carter (2005), can be explained, 
amongst other things, with the higher portion of 
turning scenarios. 
 
Kühn et al. (2013) found an average vehicle speed 
in accidents with bicyclists of 20 km/h which is the 
lowest one of all studies. However, it needs to be 
considered that the included accidents from the 
underlying database resulted in an injury severity 
of MAIS1 or MAIS2 only.  
 
Bicycle speeds 
When moving forward, bicyclists have a 
significantly higher speed than pedestrians with a 
median of approx. 15 km/h (Helmer, 2012) 
regardless their injury severity, whereupon many 
bicyclists decelerate prior to the collision. This 
bicycle velocity can be confirmed by all of the 
considered studies and was also used during the 
project “SaveCAP” (Rodarius et al., 2012). 
 

Definition of full scale test scenarios 
Full scale test scenarios that will be further taken 
into account need to have a high relevance in real 
world accident scenarios on the one hand and to be 
practicable in terms of simulation and hardware 
testing on the other hand. Altogether, three full 
scale test scenarios were defined, see figure 3:  
 

 
 
Figure 3.  Accident scenarios for simulation and 
full scale testing. 
 
While the first two scenarios follow a 
perpendicular impact angle, the third configuration 
is simulating a bicyclist moving oblique towards 
the passenger car, representing two relevant turning 
scenarios. The scenario “centered perpendicular 
impact” foresees an impact of the bicyclist with 
first point of contact located on the longitudinal 
vertical vehicle centerplane. During the scenario 
“perpendicular corner impact” the bicyclist is 
impacted by the right corner of the vehicle front. 
The third accident scenario results out of the 
perpendicular corner impact by rotating the bicycle 
around the yaw axis of the bottom bracket by 30 
degrees towards the vehicle. 
 
As vehicle speed 35 km/h are chosen, resulting 
from the accident analyses covering the upper 
limitation of the four accident scenarios on the one 
hand and the impactor velocities from component 
testing within the European Pedestrian Safety 
Regulation on the other hand. 
 
Distribution of head impact locations, angles 
and speeds 
A GIDAS sample investigated by Zander et al. 
(2012) consisting of 1414 pedestrian accidents and 
2262 cyclist accidents with motor vehicles having 
the first contact between -85 and +85 cm along the 
lateral vertical vehicle plane resulted in the head of 
the cyclists generally impacting the vehicle front 
rearwards of the pedestrians’ head. A focus on 
accidents at a collision speed of 40 km/h or lower 
(1032 pedestrian accidents and 1699 cyclist 
accidents) emphasized this observation, as 
illustrated in figure 4: 
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Figure 4.  Cumulative wrap around distances 
(WAD) of pedestrians and cyclists head impacts at 
collision speeds up to 40 km/h (Zander et al., 
2013). 
 
Here, WAD 2100, as defined within GIDAS and 
measured at the accident site, covered approx. 80 % 
of all pedestrian but only 65% of all cyclist head 
impacts. Equal effectiveness for cyclists, i.e. 
coverage of 80% of all cyclist head impacts, could 
be expected by a rearward extension of the head 
impact area to WAD 2300. The general trend of 
cyclist head impacts occurring rearward of the 
pedestrian head impacts was thus confirmed. 
 
By using human body model simulations and 
virtual test methods, the EC-funded FP6 project 
APROSYS confirmed that independent from the 
vehicle shape the cyclist head impact is generally 
located further back on a vehicle as the pedestrian 
head, often beyond WAD 2100. On vehicles with 
large bonnet leading edge heights cyclists are very 
often prevented from sliding up the bonnet, with 
head impact locations more frequently within the 
current pedestrian head impact zones (Watson et 
al., 2009). 
 
Zander et al. (2013) reported about a series of five 
full scale tests with a sedan shaped car against an 
adult and a child dummy placed on an adult bicycle 
with child seat. The vehicle speed was 40 km/h in 
all tests with the aimed first point of contact of the 
adult dummy at vehicle longitudinal centerline. The 
tests resulted in the 50th percentile male head 
impact only partly covered by the currently defined 
adult head impact area, see figure 5. In two cases 
the impact locations of the adult head were 
significantly beyond WAD 2100.  
 

 
 
Figure 5.  HII dummy head impact locations on 
the vehicle front (Zander et al., 2013). 
 
Full scale tests with the Polar-II dummy carried out 
during the SaveCAP project showed the same 
tendencies with WAD between 2000 and 2500 
(Van Schijndel et al., 2012).  
 
Altogether, in depth accident data, human body 
model simulations as well as full scale dummy tests 
indicate that during collisions with passenger cars, 
in most cases the cyclist head impact occurs 
rearward of the pedestrian head impact. 
Furthermore, the longitudinal rear head impact 
boundary of WAD 2100 does not sufficiently cover 
the cyclists’ head. 
 
A further analysis of GIDAS accident data 
regarding the distribution of the bicyclists’ point of 
first contact on the vehicle front (Meinecke et al., 
2007) resulted in bicyclists impacting the right 
vehicle front slightly more frequently than the left 
side. The difference between point of first contact 
of bicyclist and bicycle is negligible, see figure 6: 
 

 
 
Figure 6.  Distribution of point of first contact in 
vehicle lateral direction (Meinecke et al., 2007). 
 
When looking at the head impact angles, partly 
significant differences between pedestrian and 
cyclist head impacts were found in human body 
model simulations from APROSYS. Simulations 
against MPV, Supermini and Large Family Cars 
resulted in shallower cyclist head impact angles 
compared to those of the pedestrian.  
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For SUV, the cyclist head impact angles were 
slightly steeper, but for both cyclists as well as 
pedestrians higher than during the simulations with 
the remaining vehicle categories. (Watson et al., 
2009). 
 
No huge differences between pedestrians and 
cyclists were found for the head impact velocities 
except for the large family car with significantly 
higher cyclist head impact velocities. (Watson et 
al., 2009). 
 
SIMULATION PROGRAMME 
 
Simulation setup 
Aim of the present study was the development of a 
bicyclist test procedure by modifying the pedestrian 
impact parameters like impact areas, speeds and 
angles to cover a broad variety of cyclist accidents 
and impact scenarios as well. Therefore, a 
simulation matrix including representatives of all 
relevant vehicle categories, cyclist statures and 
bicycles was developed, also taking into account 
different pedal orientations, impact constellations 
and vehicle speeds. 
 
The representatives of six vehicle categories 
developed by Hamacher (2010) along with their 
portions in the German vehicle fleet as of 1 January 
2013 are depicted in figure 7. The categorization is, 
in principle, based on the vehicle front geometry 
and on parameters such as the height of the bonnet 
leading edge, bonnet angle, windscreen to bonnet 
angle and WAD of the bonnet rear edge. 
 

 
 
Figure 7.  Representatives of six vehicle 
categories for simulations (Hamacher et al., 
2010). 
 
Within the simulations, altogether four bicyclist 
statures seated on representative bicycle models 
were used: the 6 year old child, the 5th female, the 
50th male and the 95th male, with heights and 
masses as illustrated in figure 8: 
 
 
 

 
 
Figure 8.  Bicyclist and bicycle models for full 
scale human body model simulations. 
 
Four different pedal orientations were chosen: 
impacted leg to the rear, impacted leg upwards, 
impacted leg downwards, impacted leg to the front. 
 
The impact constellations were derived from the 
accident scenarios as the centered perpendicular 
impact, the perpendicular corner impact and the 
oblique impact from the turning scenario, see figure 
9. Also the speeds were taken from the in depth 
data where vehicle speeds of 35 km/h almost cover 
the average speed in accidents with MAIS3+ 
injuries and where bicycle speeds showed a median 
of around 15 km/h. 
 

 
 
Figure 9.  Impact scenarios for simulations. 
 
The chosen setup resulted in altogether 288 
simulations with six vehicle models, four bicyclist 
statures, three impact constellations and four pedal 
orientations. 
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Simulation results 
 
     Head impact locations The locations for the 
head impacts on the six different vehicle categories 
are shown in figure 10. It can be seen that except 
for the One Box category the currently defined rear 
end of the pedestrian headform test zone (WAD 
2100) does not cover the range of bicyclists. In 
particular the higher statures (50th male and 95th 
male) for Limousine, Compact Car and Sports Car 
often impact the vehicle front with the head beyond 
WAD 2100, up to WAD 2500 and more. This 
observation is also valid for Van and SUV when 
focusing on the perpendicular corner impact.  
 

 
 
Figure 10.  Head impact locations. 
 
Furthermore, the wrap around distances for the 
corner impact are higher than for the centered 
perpendicular impact and the turning scenario.    
 
A modified test procedure would therefore suggest 
a rearward extension of the head test area until 
WAD 2500 except for OneBox vehicles where the 
current limitation of WAD 2100 could be 
sufficient. 
 
     Head impact velocities The relative head 
impact velocities for the perpendicular simulation 
setups show a broad variety starting between 28 
km/h and 61 km/h with average speeds between 36 
km/h for the Compact Car and 40,5 km/h for the 
Sports Car (figure 11). Except for the Sports Car 
category all vehicles show a slight tendency of 
higher impact speeds with higher wrap around 

distance lines, but with a low coefficient of 
determination. Besides, the impact speed seems 
higher for the windscreen than for the bonnet area. 
 

 
 
Figure 11.  Relative head impact velocities. 
 
The simulations carried out suggest a modified 
head impact velocity of 40 km/h with the exception 
of the bonnet area for the OneBox category where 
35 km/h could be more appropriate. 
 
     Head impact angles A high scatter of head 
impact angles can be observed over all vehicle 
categories and impact areas for the perpendicular 
simulation setups, see figure 12. Only the OneBox 
design shows a clear trend of shallower angles for 
head impacts on the bonnet. The centered impacts 
result in higher head impact angles than the corner 
impacts. Differences are partly significant, also 
depending on the stature of the bicyclist and the 
pedal orientation. 
 

 
 
Figure 12.  Head impact angles. 
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Excluding the OneBox category, the average 
impact angle results in 63° on the bonnet up to 
WAD 1700. On the windscreen and the remaining 
bonnet area the average angle is 69°. Thus, the 
results of the simulations suggest an head impact 
angle of 60° on the bonnet up to WAD 1700. For 
the windscreen area and the remaining part of the 
bonnet an impact angle of 70° seems appropriate. 
As for the head impact locations as well as the 
impact velocities, the OneBox category deviates 
from the remaining vehicle categories also in terms 
of head impact angles. The head impact angle on 
the bonnet between the bonnet leading edge line 
and WAD 1700 is suggested at 50°; forwards to the 
bonnet leading edge the angle would be 20°. The 
windscreen angle would not differ from the 
remaining vehicle categories and would remain at 
70°. 

An overview of bicyclist specific test parameters is 
given in table 1. 

 
Table 1. 

Overview of test parameters for bicyclist test 
procedure. 

 

 
 
     Lower extremities A possible modification of 
pedestrian test and assessment procedures to 
address the protection of bicyclists does not refer to 
the head protection only but needs to also include 
the lower extremities. Therefore, an evaluation of 
the loadings on the leg of the bicyclist was also 
taken into account during this study. The different 
pedal orientations resulted in completely differing 
test setups and impact constellations. Due to the 
fact that the available pedestrian lower extremity 
surrogate FlexPLI is representing the knee and tibia 
of the 50th male, this part of the study was also 
focused on the 50th bicyclist only. As point of first 
contact the longitudinal vertical vehicle centerplane 
was chosen and thus the centered perpendicular 
impact. During the simulations, the primary impact 
revealed the high influence of the pedal orientation, 
the bonnet leading edge height as well as the first 
contact height (i.e. first contact below, above or at 
knee height) on the loadings of the bicyclists’ leg. 
For the subsequent investigations, the lower pedal 
orientation for the impacted leg was chosen, given 
the highest possible comparability with the 

pedestrian test conditions in terms of legform 
orientation, see figure 13: 
 

 
 
Figure 13.  Test configuration for bicyclist 
specific leg impact test at an impact speed of 35 
km/h. 
 
Tests with the flexible pedestrian legform impactor 
FlexPLI are defined with an impact height of the 
lower impactor edge at 75 mm above the ground 
level. Pedal orientation and the use of the 50th male 
cyclist (based on the FlexPLI representing the 
lower extremities of a 50th male pedestrian) suggest 
an impactor height of 140 mm above GL with the 
FlexPLI inclined by 14 degrees, as depicted in 
figure 13. 
 
TEST PROGRAMME 
 
Subsequent to the performed simulations and the 
derived test parameters, full scale tests using the 
POLAR-II pedestrian dummy were performed for a 
validation of the human body model simulations. In 
a next step, hardware impactor tests with the 
pedestrian child and adult headform as well as the 
pedestrian lower legform impactor FlexPLI were 
carried out with the aim of an evaluation of the 
defined impact parameters. As test vehicle a 
popular Sedan representative for the POLAR-II and 
headform tests and a compact car representative for 
the lower legform tests were chosen. 
 
Full scale tests 
In order to investigate the validity of the performed 
human body model simulations, three full scale 
tests with the POLAR-II pedestrian dummy seated 
on a representative bicycle model were performed 
against a sedan vehicle and compared to the 
kinematics and results of simultaneously conducted 
simulations with a 50th MADYMO against the 
identical vehicle model. Like in the simulations, as 
impact configurations the centered perpendicular 
impact, the perpendicular corner impact and the 
turning scenario were taken, see figure 14: 
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Figure 14.  Test setup for full scale vehicle tests 
with POLAR-II. 
 
In all three tests, the significant influence of the 
elbow on the subsequent kinematics of the bicyclist 
could be demonstrated. In the turning scenario e.g., 
when impacting the vehicle front with the forearm, 
the windscreen was penetrated by the elbow joint 
and the upper body was supported by the 
underlying instrument panel, avoiding a contact 
between head and vehicle front. This was not the 
case during the simulations where a head contact 
occurred in all three configurations. Altogether in 
terms of bicyclist kinematics, impact location and 
head impact time, a good correlation between 
simulation and hardware test could be observed, as 
exemplarily shown for the perpendicular corner 
impact in figure 15. Where a head impact on the 
vehicle front occurred, the relative head impact 
velocities however showed some differences. 
 

 
 
Figure 15.  Comparison between HBM simulation 
and hardware test for perpendicular corner 
impact (vehicle speed = 35.0 km/h and 35.9 km/h). 
 
With the comparative tests, the used simulation 
models could be validated regarding the bicyclists’ 
kinematics. Therefore, they represent reasonable 

tools for the investigation of head impact 
conditions of bicyclists.  
 
Headform tests 
A number of 11 headform tests were carried out, 
thereof one test with the child headform impactor 
on the bonnet (impact angle 60°) and nine tests 
with the adult headform impactor on the 
windscreen (impact angle 70°). The remaining 
adult headform test was repeated on impact 
position 2 but fired at an angle of 65° (according to 
the current pedestrian test procedure). An overview 
of impact locations and test results is given in 
figure 16: 
 

 
 
Figure 16. Headform test locations and HIC 
results. 
 
The impact points in the centre of the windscreen 
(2,4,5) resulted in higher HIC results than the 
locations close to the upper and lateral windscreen 
frame if latter ones having at least a distance of one 
impactor diameter to the periphery (3,6,7,8). When 
located close to the A-Pillar (10) or windscreen 
base (9), resulting in a contact with the underlying 
structure, significantly higher values are obtained.  
 
For impact position 2 the steeper impact angle 
produced a higher HIC result. Also, the result at the 
center of the bonnet (1) was higher than that of a 
comparative test carried out on the same location 
with a shallower angle of 50° (pedestrian test 
condition). The general tendency of increasing test 
results with increasing impact angles was also 
confirmed in tests within the EC funded FP7 
research Project AsPeCSS (Ferrer et al., 2014). 
 
Regarding the definition of ambient conditions for 
a modified impactor test procedure, the impactor 
test results disclosed some limitations of the 
suggested parameters. The minimum distance 
between impact points and A-Pillar should remain 
at one impactor diameter in order to prevent 
irreversible damages to the test tool without any 
additional benefit regarding the knowledge about 
the actual vehicle safety performance. Furthermore, 
the unrepeatable fracture behavior of windscreen 
glazing remained being an open issue. Figure 17 
depicts the time history curves of headform impact 
point 2 at an impact angle of 65° (resulting in a 
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HIC calculation of 254) and a repetition of this test 
resulting in HIC 1085: 
 

 
 
Figure 17. Comparison of windscreen fracture 
behavior. 
 
While during the first test the windscreen fracture 
occurs at an earlier point in time with a lower peak 
acceleration, the HIC calculation is based on the 
subsequent deceleration phase. The second test 
shows the windscreen fracture later in time and the 
HIC calculation including this first high peak 
acceleration.   
 
Lower legform tests 
Four tests with the FlexPLI were carried out at 35 
km/h against a compact car with first point of 
contact at longitudinal vertical vehicle centerplane 
and at the end of the bumper test area as defined 
within UN-R 127.02, taking into account angled 
impacts against oblique surfaces. The tests were 
performed using the FlexPLI baseline impactor as 
well as the FlexPLI equipped with an upper body 
mass (UBM), representing the torso of a pedestrian. 
All tests were performed at an impactor inclination 
angle of 14° and an impact height of 140 mm above 
GL, taking into account the simulated pedal 
orientation. The impact angle was realized by 
inclination of the vehicle by 14° around its 
longitudinal vehicle centerplane. The resulting 
height displacement at point of first contact was 
considered along with the determination of the 
actual out of the nominal impactor height. The tests 

were also compared to pedestrian component tests 
with the FlexPLI carried out during the EU-funded 
FP7 project AsPeCSS against the identical vehicle 
and impact locations (Ferrer et al., 2014). 
 
The peak results for tibia bending moments and 
knee elongations (cruciate ligaments ACL/PCL and 
medial collateral ligament MCL) are depicted in 
figure 18. For both impactor variants (baseline and 
with UBM) and impact locations (y0 and end of 
bumper test area) most of the peak tibia bending 
moment results with the FlexPLI in perpendicular 
position relative to the vehicle were higher than 
those acquired with the inclined impactor. Only the 
ligament elongations were sometimes marginally 
higher with the impactor inclined. Since due to the 
pedal orientation a pre-bending of the legform 
would be needed for a correct setup of the knee 
area, the elongations could not be taken into 
account and the assessment had to focus on the 
tibia area only. Here, all results were far below the 
current impactor limits for legislation and 
consumer testing. Furthermore, from the higher 
impact speed within the current pedestrian test 
procedures (40 km/h) an additional benefit may be 
expected for the cyclists as well. The chosen setup 
and results don’t show justification for an 
additional or modified FlexPLI impactor test to 
specifically cover lower extremity injuries of the 
cyclists.  
 

 
 
Figure 18. Peak bending moment and elongation 
results in tests with FlexPLI and FlexPLI-UBM 
(perpendicular and inclined). 
 
Altogether, it is recommended to focus the revision 
of the pedestrian test procedures to the headform 
area, only. In case of any modifications of the 
lower legform test procedure for a more specified 
inclusion of cyclists, a simulation of the correct 
knee bending angle and influence of the bicycle 
would need to be taken into consideration. 
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TEST PROCEDURE 
 
Based on findings from accident research, human 
body model simulations and impactor tests, at first 
instance an impactor test procedure solely towards 
the protection of bicyclists in the event of a 
collision with passenger cars was defined. In a 
second step, this procedure was combined with the 
pedestrian test procedure following a holistic 
approach for an improved protection of vulnerable 
road users including cyclists. 
 
Bicyclist test procedure  
Test parameters derived from simulation results 
conclude an extension of the headform test area 
starting at WAD 1000 until WAD 2500 or the 
windscreen rear reference line, whatever line is 
more forward, with headform tests at an impact 
speed of 40 km/h. The impact angle in the bonnet 
area up to WAD 1700 is set at 60° and beyond 
WAD 1700 at 65° related to the ground level. On 
the entire windscreen, regardless the longitudinal 
boundaries, the windscreen angle is set at 70° 
related to the ground level. In case of head impact 
points located forwards to the bonnet leading edge 
reference line, the impact angle is 20° according to 
the Euro NCAP Pedestrian Testing Protocol 
(2016). Lateral limitations are the side reference 
lines as defined within Commission Regulation 
(EC) No. 631/2009 and the Euro NCAP Pedestrian 
Testing protocol.  
 
Impactor tests suggest a minimum distance of one 
impactor diameter (165 mm) between the impact 
point and the solid strip along the periphery of the 
A-pillars in order to avoid hard contact resulting in 
damage of the impactor. A further limitation is set 
by the boundary between rear windscreen and roof 
with a minimum distance of half an impactor 
diameter to the windscreen rear reference line 
(WRRL), regardless its WAD, excluding the roof 
area from the test procedure in case of shorter 
vehicle front geometries. No minimum distance 
requirement is set between impact points and the 
bonnet rear reference line (BRRL). 
 
A division between the adult and child headform 
test area is done at WAD 1700. 
 
In line with Commission regulation (EC) No. 
631/2009, a minimum of nine tests with the child 
and adult headform impactor are to be performed 
within the child and adult headform zone on the 
bonnet, thereof three in each of the two outer and in 
the middle third. In case of the adult headform zone 
located on the bonnet not providing the prescribed 
minimum distance of one impactor diameter 
between the impact points, the number of tests is to 
be reduced accordingly. In the windscreen area, a 
minimum of twelve tests is to be performed.  

 
An overview of test areas and impact angles are 
illustrated in figure 19: 
 

 
 
Figure 19. Standalone bicyclist test procedure. 
 
The requirements related to the head performance 
criteria are applied to the entire headform area. In 
two thirds of the test area, the head injury criterion 
HIC must not exceed 1000. In the remaining third, 
the HIC must not exceed a value of 1700. The head 
performance zones (“HIC 1000 zone” and “HIC 
1700” zone) are to be determined by the vehicle 
manufacturer prior to testing. Both zones do not 
have to, but may consist out of several parts that do 
not need to be directly connected with each other. 
 
Combined vulnerable road user test procedure 
The previously described test procedure for 
bicyclists takes into account the findings from 
bicyclist accident investigations, bicyclist human 
body model simulations and impactor testing as 
boundary conditions, only. Though offering the 
best possible protection of bicyclists during an 
accident when using the currently available 
impactors, it is not expected these test procedures 
being introduced as a second vulnerable road user 
procedure in parallel to the existing pedestrian test 
procedures as prescribed in legislation as well as 
consumer information programmes. Therefore, 
there will be the need for merging both the 
pedestrian test procedures as well as the new 
procedures focusing on the protection of bicyclists 
to a combined vulnerable road user test procedure, 
aiming at the best possible protection for both road 
user groups. 
 
Taking into account the expired monitoring phase 
for headform tests against the windscreen in 
Pedestrian Safety Regulation (EC) No. 78/2009, an 
extension of the headform zone including the 
windscreen in order to adequately address the 
protection of cyclists is indispensable. Besides, an 
increase of the head impact velocity from 35 km/h 
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to 40 km/h to address the average vehicle speed of 
36 km/h in accidents with MAIS3+ head injuries 
needs to be considered. Both modifications are also 
of benefit for the pedestrians and already 
incorporated to a remarkable extent within the Euro 
NCAP pedestrian test procedures (Euro NCAP, 
2016). 
 
Within the bonnet test area, most of the pedestrian 
test parameters such as impact areas, impact angles 
and HIC limits are taken over from the European 
Regulation. This results in an impact angle of 50° 
in the child headform area and of 65° in the adult 
headform area.  
A minimum of nine headform tests are to be 
performed with the child headform impactor in the 
child headform area and with the adult headform 
impactor in the adult headform area, thereof three 
tests with both impactors are to be conducted in 
each of the two outer and in the middle third. As 
for the bicyclist test procedure, if the adult 
headform zone on the bonnet does not provide the 
prescribed minimum distance of one impactor 
diameter between the impact points, the number of 
tests is to be reduced accordingly. 
 
The HIC assessment is done separately for the 
bonnet and windscreen area. For the bonnet area, 
the combined VRU procedure follows the 
requirements according to Regulation (EC) No. 
78/2009, where in one halve of the child headform 
area the head injury criterion must not exceed a 
value of 1000 and in the remaining half a value of 
1700. Furthermore, in two thirds of the entire 
bonnet test area a HIC of 1000 and in the remaining 
third a HIC of 1700 must be met. Altogether, the 
test conditions and requirements on the bonnet are 
in line with those of the European Regulation 
except for the impact speed which is suggested at 
40 km/h, and for an impact angle of 20° forwards 
to the bonnet leading edge reference line. 
 
Furthermore, different to the current Pedestrian 
Safety Regulation, no minimum distance to the 
bonnet rear reference line is defined so that tests 
can be performed to the entire bonnet top starting at 
WAD 1000 and within the lateral boundaries. 
 
Tests to the windscreen area are an extension to the 
current pedestrian test procedure within legislation. 
The test area is defined, in principle, according to 
the bicyclist test procedure, but due to the 
previously discussed windscreen fracture behaviour 
subdivided into an assessable and a monitoring 
area. The fracture behavior becomes critical 
especially in case of impact points not within reach 
of the underlying structure, and thus where the 
windscreen itself is the only tested element. At this 
point in time, repeatability issues with the fracture 
behavior of the glass would not allow a fair 

assessment and thus, these areas are suggested to 
be tested, as done within Phase 1 of the European 
Regulation, for monitoring purposes only, being 
compared with HIC 1000 being the value in many 
cases not exceeded during impactor tests, as 
demonstrated in the previous test programme. 
Along with the subdivision of the windscreen test 
area into an assessable and a monitoring area the 
testing efforts can be lowered, significantly 
reducing the influence of unpredictable glass 
fracture behavior on the test results. 
 
The borderline between assessable and monitoring 
windscreen area is defined by the windscreen mid 
reference line (WMRL). The WMRL is defined as 
the WAD on where the distance between the 
impact point and the underlying structure, 
measured in impact direction (70° on the 
windscreen), is 100 mm. The windscreen area 
located forwards to the WMRL is the assessable 
area while the area located rearwards of the WMRL 
is the monitoring area. All type approval relevant 
test points need to be located within the assessable 
area. The definition of the WMRL follows the 
default to green definition within Euro NCAP, 
where every impact point with a distance of more 
than 100 mm to the underlying structure, measured 
in impact direction of the particular headform, is 
defaulted green with a HIC assessment of a value 
less than 650 (Euro NCAP, 2016). 
 
Where the WMRL is located rearwards of WAD 
2500, tests are only performed until WAD 2500 as 
being the most rearward location of the headform 
test area. 
 
A minimum of nine headform tests are to be 
performed in the assessable area of the windscreen. 
The number of tests may be reduced in case of 
smaller areas and minimum distance requirements 
of one impactor diameter between the impact 
points cannot be met otherwise. 
 
For the windscreen area, all bicyclist specific 
impact parameters, such as an impact angle of 70° 
to the ground level and an impact speed of 40 
km/h, are applied. 
 
On one third of the assessable windscreen area the 
HIC may not exceed a value of 1000. On the 
remaining two thirds the HIC may not exceed a 
value of 1700. As for the standalone bicyclist test 
procedure, these zones are to be determined by the 
vehicle manufacturer prior to testing. Again, both 
zones do not have to, but may consist out of several 
parts that do not need to be directly connected with 
each other. 
 
In addition to the headform tests within the 
assessable area, a number of three impactor tests 
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are to be performed in the monitoring area and to 
be compared with a nominal value of HIC 1000. 
The selection of impactor tests in the monitoring 
area should also consider potential injury causing 
vehicle parts such as camera or radar systems. The 
test results are to be recorded and to be transmitted 
to the responsible type approval authority. Based 
on the results, an adaptation of the procedure may 
be considered after some years.  
 
An overview of the combined vulnerable road user 
test procedure, including test areas, reference lines, 
impact angles and performance criteria is depicted 
in figure 20: 
 

 
 
Figure 20. Combined vulnerable road user test 
procedure. 
 
Figure 21 gives a summary of the test conditions 
for the combined vulnerable road user test 
procedure including the different impact areas and 
impact angles with a standardized impact speed of 
40 km/h.  
 

 
 
Figure 21. Test conditions for the combined 
vulnerable road user test procedure. 
 
Independently from the surface to be tested, the 
child headform impactor is used in longitudinal 
direction between WAD 1000 and WAD 1700. The 
adult headform impactor is used in the area 

longitudinally limited by WAD 1700 and WAD 
2500 or the WRRL respectively, whatever distance 
line is more forward. The impact angles depend on 
the area to be tested and the impactor to be used. 
For tests on the bonnet an impact angle of 50° is 
used for the child headform impactor and of 65° for 
the adult headform impactor. In case of an impact 
point located forwards to the bonnet leading edge 
reference line (BLE-RL), the impact angle is 20°. 
On the windscreen, the impact angle is always 70°. 
The requirements to be fulfilled on the bonnet are 
in line with the European Pedestrian Safety 
Regulation. On the windscreen, one third of the 
assessable area needs to fulfill HIC 1000 and the 
remaining two thirds HIC 1700, as summarized in 
table 2. 
 

Table 2. 
Requirements for the combined vulnerable road 

user test procedure. 
 

 
 
All described impact parameters and requirements 
are applicable for passenger cars. Also OneBox 
vehicles could be tested accordingly with a 
reasonable change of the impact angle in the child 
headform area on the bonnet to 50°.  
 
DISCUSSION 
 
In the present study, based on accident 
investigations, full human body model simulations 
and pedestrian full scale as well as component 
testing, the existing pedestrian test and assessment 
procedures have been revised and modified to 
include the protection of bicyclists as the second 
big group of vulnerable road users. Since a 
standalone passive bicyclist test procedure in 
parallel to the established pedestrian test procedure 
would require a huge amount of additional test 
effort, it seems more convenient to combine both 
sets of parameters and requirements to a combined 
vulnerable road user test procedure, taking into 
account both road user groups likewise.  
 
For the headform procedure, comparatively limited 
modifications of pedestrian test parameters 
according to European Regulation lead to a 
combined procedure with manageable efforts on 
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the one hand but with remarkable additional benefit 
for bicyclists while not neglecting the safety needs 
of the pedestrians on the other hand. Additionally 
to the bonnet area, an assessable windscreen area 
ensures a better protection of both vulnerable road 
user groups in case of a windscreen impact while 
abstaining from the pure assessment of the 
sometimes unpredictable glazing behaviour. 
However, in order to holistically protect vulnerable 
road users during head impacts against rearward 
locations of the vehicle front, a rearward limitation 
to the windscreen only should be suspended, 
including the hard and injurious areas of the roof 
pillar to the test area. 
 
Investigations of the legform test procedure have 
revealed significantly different ambient conditions 
such as impact height, impact angle and also 
impact speed along with limited capabilities of the 
currently used flexible pedestrian legform 
impactor. For the assessment of actual knee 
bending or ligament elongation, a pre-bending of 
the legform would be necessary. The bending 
moments of the tibia on the other hand are in most 
cases in line with or below the results in pedestrian 
tests. The reduced vehicle speed in case of 
bicyclists further contribute to reduced loadings of 
the leg, always significantly below the currently 
used impactor limits. Altogether, no additional 
benefit is to be expected from an introduction of 
modified legform impactor test conditions when 
using the FlexPLI. 
 
Recent accident investigations resulted in the 
thorax area being the third body region that should 
be considered in future test procedures. A study of 
the German In-Depth Accident Study GIDAS 
showed pedestrians as well as bicyclists involved in 
accidents with passenger cars as from model year 
2006 onwards with a high portion of AIS 2+ and 
AIS 3+ injuries in the thorax area (Zander et al., 
2016), see figure 22. 
 

 
 
Figure 22. AIS2+ and AIS3+ pedestrian and 
bicyclist injuries in accidents with modern 
passenger cars (Zander et al., 2016). 

A possible development of a prediction tool for 
injuries to the thorax of vulnerable road users is 
currently being investigated within the EC-funded 
research project SENIORS (Safety ENhanced 
Innovations for Older Road userS) under the 
HORIZON 2020 framework programme (Zander et 
al., 2016-2). However, a test tool ready for 
implementation within legislation or consumer 
programmes will most likely need several years of 
further development. 
 
CONCLUSIONS 
 
Subsequent to a revision of the pedestrian safety 
legislation, current plans of the European 
Commission include, amongst other things, an 
extension of the pedestrian headform test area 
towards a better protection of bicyclists. A possible 
extension of the pedestrian test procedures towards 
an inclusion of cyclists is also reviewed by Euro 
NCAP. A combination of accident data, human 
body model simulations and full scale tests with 
dummies show, in principle, a need for a rearward 
extension of the head impact area until a wrap 
around distance of 2500 along with a modification 
of head impact angles and impact speed. Since a 
standalone bicyclist test procedure in parallel to the 
existing pedestrian protocols would result in huge 
additional testing efforts, a combined vulnerable 
road user test procedure including the protection of 
both, pedestrians as well as cyclists, is proposed. 
Slight modifications of the impact angles of the 
pedestrian headforms in combination with an 
increase of the impactor velocity and rearwards 
extension of the head impact area are expected to 
result in the highest possible safety benefit for both 
vulnerable road user groups that can be contributed 
by means of passive vehicle safety. It is therefore 
suggested to introduce the modified headform test 
procedure within type approval procedures as well 
as consumer programmes. In terms of other highly 
affected body regions further research is needed. 
For lower extremities, the study showed that with 
the current test tool FlexPLI a simulation of a pre-
bended knee as actually occurring in bicyclist 
impacts is not feasible. For the thorax area, the 
development of an injury prediction tool is 
currently being investigated.  
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ABSTRACT 

The levels of continuous vehicle automation have become common knowledge. They facilitate overall 
understanding of the issue. Yet, continuous vehicle automation described therein does not cover “automated 
driving” as a whole: Functions intervening temporarily in accident-prone situations can obviously not be classified 
by means of continuous levels.  

Continuous automation describes the shift in workload from purely human driven vehicles to full automation. Duties 
of the driver are assigned to the machine as automation levels rise. Emergency braking, e.g., is obviously 
discontinuous and intensive automation. It cannot be classified under this regime. The resulting absence of visibility 
of these important functions cannot satisfy – especially in the light of effect they take on traffic safety. 

Therefore, in order to reach a full picture of vehicle automation, a comprehensive approach is proposed that can map 
out different characteristics as “Principle of Operation” at top level. On this basis informing and warning functions 
as well as functions intervening only temporarily in near-accident situations can be described.  

To reach a complete picture, levels for the discontinuous, temporarily intervening functions are proposed – meant to 
be the counterpart of the continuous levels already in place. This results in a detailed and independent classification 
for accident-prone situations. This finally provides for the visibility these important functions deserve. 
 

 

INTRODUCTION 

Systematic structure is a prerequisite for the 
understanding of vehicle automation. Abstraction and 
overview is the basis for guidance in this field. This 
allows unambiguous communication. The 
understanding of vehicle automation so far is very 
much limited to the continuous principle of operation. 
This paper broadens the view to Advanced Driver 
Assistance Systems (ADAS) and vehicle automation 
and resolves ambiguities.  

The levels of continuous vehicle automation have 
originally been established by the BASt Project 
Group on the “Legal Consequences of an increase in 
vehicle automation” [1]. This was the basis for SAE-
International Standard J3016 [2]. On continuous 

vehicle automation these terms are the only 
internationally established reference so far. 

Nevertheless, the levels of vehicle automation 
according to BASt or SAE are not satisfactory in 
respect of classification for well-established functions 
on the market today. These are e.g. “Autonomous 
Emergency Braking”, “Frontal Collision Warning”, 
“Lane Departure Warning”, or the merely corrective 
variant of “Lane Keeping”. These functions cannot be 
assigned to the terms of the continuous principle of 
operation described by SAE. The same is true for 
“Emergency Assist” functions that intervene in case 
of pathologically induced paralysis or temporary 
incapacitation and have the objective of returning the 
vehicle to a comparatively risk-minimal-condition 
(“risk-minimal” here is a term applied as a relative 
concept only – compared with the uncontrolled). In 
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the past it has been attempted to categorize all of 
these functions according to the levels of continuous 
vehicle automation (usually as a Level 1). This is 
inconsistent against the background of these 
functions being discontinuous in nature. This has 
therefore been considered a separate “Principle of 
Operation”. 

Innovative approach now is to rank the continuous 
principle of operation (as defined by BASt/SAE) as 
one principle among several. This fundamental 
understanding of “principles of operation” needs to 
be established as a superordinate concept in order to 
come to a full picture. It finally allows defining 
vehicle automation comprehensively. This is outlined 
in the following. 

Additionally, to obtain a full picture, it is necessary to 
resolve the issue of informing and warning functions 
as well. Their main characteristic is a lack in direct 
influence on vehicle control (only informing or 
warning the driver – this is not to be equated with 
vehicle automation). This feature is considered stand-
alone (and leads to the assignment of a “Principle of 
operation” in this respect as well). 

This approach has been developed in a project funded 
by the German Federal Ministry of Economic Affairs 
and Energy (BMWi) within the German UR:BAN-
Project [3]. The following content is based on the 
technical input by the colleagues of the sub-project 
“KAB” cited under [4]. 

 

CONTEXTUAL PLACEMENT ACCORDING 
TO THE THREE-LEVEL-HIERARCHY OF 
THE DRIVING TASK BY DONGES 

The three-level hierarchy of the driving task by 
Donges [5] describes the task of driving on the layer 
of vehicle navigation, the layer of vehicle guidance 
and the layer of vehicle stabilization.  

The navigation layer includes the choice of the 
appropriate route on basis of the existing road 
network and travel time as a cognitive planning 
process. The dynamic process of driving takes place 
on the layers of vehicle guidance and stabilization. 
Vehicle guidance thereby describes the process of 
control that is determined by the own movement of 
the vehicle as well as other vehicles as a permanent 
change of the respective constellation in a given 
scenery. For the driver this consists in estimating the 
appropriate command variables as are target-track 
and target-speed and applying them by intervening in 

the open control loop in order to achieve only small 
deviation between command and target value. The 
layer of vehicle stabilization in contrast is focused on 
the stabilization in the closed control loop by 
minimizing the offset to the minimum – as accepted 
by the driver [5]. The layer of vehicle guidance 
corresponds to the rule-based behavioral level and the 
layer of vehicle stabilization to the skill-based 
behavior of the driver according to Rasmussen [6] as 
contextualized by Donges [5].  

For the means of the following classification concept 
of ADAS and vehicle automation functions the layers 
of vehicle navigation and vehicle stabilization are left 
aside (and thereby all types of function taking effect 
at these layers). The following concept is therefore 
limited to ADAS and vehicle automation taking 
effect on the layer of vehicle guidance.  

This is not to argue against the possibility to 
categorize functions on the layers of vehicle 
navigation and stabilization by means of an even 
further extension of the systematic approach taken 
here. This paper, however, concentrates on ADAS 
and automation-functions based on environmental 
perception with effect on the layer of vehicle 
guidance. In addition, a system like ESC only has 
indirect environmental perception of road-surface 
condition (via wheel-speed-sensors and yaw-rate).  

 

ABSTRACTION IN FUNCTIONAL 
CLASSIFICATION: ‘PRINCIPLE OF 
OPERATION’ 

This paper suggests a classification scheme according 
to ‘Principle of operation’. This approach was first 
described by Gasser, Seeck, Smith [7] and 
incorporated into own understanding by OICA [8]. 
Based on the technical input of project colleagues 
from the German automotive industry, Gasser and 
Auerswald refined the existing definitions and 
presented first presented the structure at the final 
event of the UR:BAN-project [9]. 

Key aspect is the superordinate categorization 
scheme of ‘Principle of operation’ and following this 
the establishment of “abstract” and “concrete” hazard 
for further classification (cp. below). The structure 
has been discussed and accepted by the EuroNCAP 
Working Group “Information, Warning, Intervention 
(IWI)” and is the basis for their categorization of 
design-principles and requirements.  
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For the means of further specification, ADAS and 
vehicle automation are referred to only in abstract 
classes of “functions” relating to the respective 
‘principle of operation’ at a certain level. Abstraction 
hinders the description of complete “systems” (as 
packaged by manufacturers): Systems may combine 
and vary the following classes of functions and might 
even be subject to more than one principle of 
operation. Yet, the great benefit lies in additional 
clarity that comes along with abstraction. Following 
figure depicts the suggested classification according 
to ‘principles of operation’ as conclusive 
classification:  
 

 

Table 1. 
Superordinate Principles of Operation 

 
 
Principle of Operation A: Informing and Warning 
Functions 
This principle covers informing and warning 
functions. Characteristic is the indirect effect since 
only driver action can realize an effect for vehicle 
guidance. It is possible to distinguish between the 
following types of information and warning: 

• Status information:  
This type of information communicates 
information relevant on the vehicle guidance 
layer to the driver. Examples: Traffic sign 
recognition (as environmental status), 
display of brake-system-failure (as vehicle 
status), drowsiness detection (as driver 
status). 

• Abstract Warnings: 
A warning is provided to the driver in case 
vehicle control does not comply with the 
expected for a given traffic situation. 
Example: Lane-departure-warning or latent 
time-headway warning. 

• Concrete Warnings: 
These warnings are designed to draw driver 
attention to an accident-prone upcoming 
situation. These warnings usually occur in 
the same situations that allow for temporary 
intervention according to Principle of 
Operation C (usually, however, designed to 
occur earlier than an intervention would). 
Examples at system-level are Forward 
Collision Warning or Lane-Change-Assist 
(in case the system can identify lane 
occupancy and detects probability of 
collision). 

 
Principle of Operation B: Continuously 
automating functions 
This principle of operation is characterized by the 
immediate control taken by continuously active 
automation. A function of principle of operation B 
will automate at least part of the task of driving. This 
‘Principle of Operation’ covers SAE-Levels 1 up to 5 
and is described more closely therein. Since these 
levels have become common knowledge, it shall be 
referred to SAE-Standard J3016 [2] (and the 
respective BASt-report [1]). 
 
Principle of Operation C: Temporarily 
intervening functions in accident-prone situations 
Classifying this ‘Principle of Operation’ more closely 
was the core objective of the definitions prepared in 
the framework of the UR:BAN-KAB-Project. The 
further differentiation allows for a better 
understanding and visibility of these vehicle 
automation functions that are highly beneficial for 
improvements in traffic safety.  

Functions of Principle of Operation C intervene only 
temporarily in accident-prone situations. Vehicle 
control is immediately influenced within the open 
control loop of the vehicle guidance layer (cp. above 
and [5]).  

According to the underlying structural approach to a 
comprehensive concept of definitions it is the same if 
the open control is controlled by a driver or an 
independent machine action at the time of 
intervention: In both cases there is an overlay in 
vehicle control by an independent machine action 
(executed by Principle of Operation C).  

It is characteristic, that either in case of 
• abstract hazard: The driver as a controller 

(or the machine as controller according to 
Mode of Operation B) does not react 
conform to expectation or fails to operate/ 
take action. The temporarily necessary 
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intervention takes place to keep up a steady 
condition of traffic as the risk-minimal-
strategy. The impending risk of collision 
thereby remains abstract since there is no 
immediate collision to be expected. 

• concrete hazard: The situation is highly 
accident-prone (near collision situation). 
Only immediate intervention can mitigate or 
avoid the accident. These situations are 
usually characterized by the fact that drivers 
have lost control over a situation they in fact 
can no longer control (due to human reaction 
times). In these cases immediate 
intervention is required.  

 

OVERVIEW OVER STRUCTURAL CONCEPT 

Principles of Operation are the superordinate 
structural element in the classification scheme of this 
paper.  

For the further details – as is already the case for 
continuous Automation– the levels of SAE-Standard 
J3016 take effect. Therefore, in case of Principle of 
Operation B the resulting structure can be visualized 
as the following: 

 

Figure 1: Principle of Operation B – detailed 
structural overview over continuously automating 
functions 
 

Likewise it is possible to depict the overview over 
Principle of Operation C. The details of the levels for 
Principle of Operation C will be presented in greater 
detail in the following. 
 

 
Figure 2: Principle of Operation C – detailed 
structural overview over temporary interventions in 
accident-prone situations 

 

DETAILED STRUCTURE AND 
CLASSIFICATION OF PRINCIPLE OF 
OPERATION C 

In advance to the presentation of the detailed 
structure of levels for Principle of Operation C the 
following terms shall be defined: 

• Driver and machine are equally considered 
“controllers”.  
(The human driver might be substituted by a 
controller of Principle of Operation B).  

• Principle of Operation C has a temporarily 
overlaying function. 
(Functions of Principle of Operation C can 
overlay the “primary controller” – 
subsequently this can either be the driver or 
again the controller of Principle of 
Operation B). 

• Principle of Operation C is designed to be 
overrideable in order to enable 
controllability. 
(significant driver action can deactivate or 
override the functions of Principle of 
Operation C). Nonetheless, core-concept of 
Principle of Operation C is that the Driver 
will in general not be able to perform 
significant action in time/ override – since 
this might be a characteristic limit of the 
controller in an accident-prone situation. 
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• Further differentiation is made between 
abstract and concrete hazards. 
Depending on whether the hazard remains 
abstract (accident-prone) or has become 
concrete (near collision situation), further 
differentiation is made. In both cases the 
primary controller is no longer able to 
resolve the situation. 

 

 
Table 2: Levels for Principle of Operation C 

 
Exemplary mapping of functions to the levels of 
Principle of Operation C in case of concrete 
hazard (II): 
The concrete hazard is characterized by collisions 
immediately impending. Here the roman number “II” 
represents the abstract hazard as an index indicating 
the type of hazard depicted in the right column of 
Table 2. 
 
Level αII 
In case of Level αII the collision is immediately 
impending. At this level the driver action is 
intensified. This level is already available in case of 
e.g. Emergency braking that applies the necessary 
pressure to the system only after the driver initiates 
the braking. The same can be designed in case of 
evasive steering assist that intensifies the driver 
steering action by means of overlay. 
 
Level βII 
In case of Level βII the collision is immediately 
impending. The intervention by the function replaces 
an intervention by the driver in order to resolve or 
mitigate the primary hazard. After temporary 
interaction driver-takeover is immediately required. 
Examples are Autonomous Emergency Braking 
(AEB) or – possibly to come – autonomous evasive 
steering.  
 
Level γII 
In case of Level γII the collision is immediately 
impending. The intervention here not only replaces 
an intervention by the driver but takes over complete 

control to resolve the concrete hazard. The takeover 
by the driver is also controlled by the machine. In 
case the driver takeover remains absent, a fluent 
transition to Level βI or Level γI takes place. 
 
Exemplary mapping of functions to the levels of 
Principle of Operation C in case of abstract 
hazard (I): 
Abstract hazards are defined by the fact that the 
driver/ primary controller does not perform according 
to expectation or remains unattainable. Here the 
roman number “I” indicates the type of hazard as an 
index at the respective level. This type of hazard is 
depicted in the left column of Table 2. 
 
Level αI 

In case of Level αI the hazard remains abstract. The 
controller is supported via a corrective, temporary 
intervention. An example can be corrective steering 
assist that intervenes only in case the vehicle is 
leaving the lane. Another example might be an 
Intelligent Speed Adaptation that reduces the speed to 
the permitted maximum in case of speeding. 
 
Level βI 
In cases of Level βI the hazard remains abstract. The 
controller fails to take action. This level is 
characterized by automated control without full 
overview over the respective traffic situation and 
therefore dependent on the cooperation of other road 
users. An example can be an emergency assist 
function that performs limited longitudinal and lateral 
control with the aim of reaching the risk-minimal 
situation at short term.  
 
Level γI 
In cases of Level γI the hazard remains abstract. 
Again, the controller fails to take action and the 
function here provides full takeover of control in 
order to reach a satisfactory minimal risk condition or 
continues vehicle control for as long as is necessary 
to do so. The control at this level only differs in terms 
of objective from continuous automation at Levels 4 
or 5 (which is here the minimum-risk-state as well as 
positive knowledge of driver inavailability).  

 

CONCLUSIONS 

This paper broadens the understanding of ADAS and 
vehicle automation beyond the levels of continuous 
automation defined so far by SAE-Standard J3016. 
The structural concept is therefore comprehensive 
and covers all ADAS and any kind of vehicle 
automation taking effect at the layer of vehicle 
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guidance. This is achieved by introduction of the 
superordinate concept of ‘Principle of Operation’. 

Furthermore a concept of detailed levels for Principle 
of Operation C is suggested that can accompany the 
levels of continuous automation (Principle of 
Operation B) as a counterpart in order to offer 
structure for these highly safety-relevant functions of 
Principle of Operation C. 
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ABSTRACT 
 
PROSPECT aims at developing a new generation of proactive safety systems to protect Vulnerable Road 
Users (VRUs), with an emphasis on pedestrians and cyclists. To improve sensor effectiveness, PROSPECT 
will expand the scope of scenarios addressed by sensors already on the market, enhancing their overall 
performance.  
Interactions between vehicles and VRUs were investigated in real traffic situations to better understand 
critical situations and identify factors that lead to conflicts. As a result, VRU and vehicle modelling will be 
more effective, allowing safety systems to react earlier, without increasing false activation rates. 
Accident studies highlighted the most relevant use cases, and further naturalistic observations provided 
information that could not be inferred from accident databases regarding these use cases, such as 
trajectories and kinematic data (speed, acceleration, TTC or PET) throughout the conflict evolution. Data 
was also collected on VRU’s behaviors which forecast their intent in the near future (i.e. positional data, 
gestures). Lastly, naturalistic observations were used to look for correctly managed situations by the road 
users that could lead to false alarms in existing sensors. 
Two kinds of naturalistic observations were undertaken in three countries. A first data set (France and 
Hungary) was collected from on-site observations by infrastructure-mounted cameras. A second data set 
was collected by cars equipped with sensors and cameras (Hungary and Spain) to observe interactions 
with surrounding VRUs. 
Only situations of conflict with close proximity between road users both in space and time were studied. 
This important criterion qualified an encounter as a conflict. Low speed conflicts were excluded. 
Several hundred conflicts were collected, each classified according to use cases and annotated using a 
common grid. Different categories of parameters were investigated to describe: environmental conditions 
(light, precipitation, road surface, traffic density, etc.), infrastructure (layout, dedicated lanes, speed limit, 
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etc.), VRU characteristics (type, equipment, etc.), encounter (visibility, right of way, yielding, conflict 
management, estimated impact point, etc.), intent (head/torso orientation, gesture, flashing indicator), 
kinematics and trajectories. 
Start and end timestamps were recorded for time dependent parameters such as yielding, head 
movements, etc. 
Finally, variants of use cases were obtained to describe potential conflict evolutions and determinant 
factors of this evolution. 
As annotations of conflicts were based on subjective evaluation of observers, training was required. 
Although training sessions were organized, materials differed between observations which could lead to 
some distortion. However, including objective data such as kinematics and trajectories mitigated data 
validity concerns. Severity of conflicts, for example, was first assessed by subjective measure (as filtering 
process), then revised by taking into account kinematic data as a more objective measure. We also 
considered inconsistent accuracy level of video processing algorithms for spatial data (trajectories and 
kinematics). 
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INTRODUCTION 
Accidents involving Vulnerable Road Users are a 
significant issue for road safety. According to the 
World Health Organization, pedestrian and cyclist 
deaths account for more than 25% of all road traffic 
deaths worldwide. The PROSPECT project is a 
collaborative research which aims to address this 
problem by developing the next generation active 
safety systems for protecting Vulnerable Road 
Users (VRUs), with an emphasis on two groups 
with large shares of fatalities: cyclists and 
pedestrians. The project focuses specially on urban 
environments, where the large majority of VRU 
accidents occur. Know-how about VRU accidents 
and VRU behavior is a pre-requisite for the 
specification of the relevant real-life conditions in 
which the safety functions developed in the project 
need to be tested.  
 
Accident data bases provide a lot of information 
useful to understand the causation chain of the 
accidents. However they generally lack information 
about behavioral aspects in the seconds before the 
accident and then cannot fully explain the process 
that lead to an accident. In complementary, 
naturalistic observations facilitate a better 
understanding of potentially dangerous traffic 
situations with VRUs. In particular, it includes the 
identification of motions, behaviors and interactions 
that lead to such situations, from both VRU and 
driver perspective. They may also allow for 
identifying the parameters that signal VRU intent in 
order to enable earlier and more precise reactions 
by safety systems. Results from naturalistic 
observations appear therefore crucial for the 
development of advanced algorithms integrated in 
next generation PROSPECT-like systems, and can 
be also taken into account as relevant factors for the 
definition of test scenarios. 
 

Naturalistic observation campaigns make available 
a large amount of data where lots of situations can 
be extracted. This part focuses on conflict situations 
between vehicles and VRUs. According to Kraay et 
al.’s 2013 literature review (Doctor Technique 
manual [1]), the notion of conflict has been 
evolving since the late 1960’s. These authors report 
several definitions ranging from Perkins & Harris 
[2] to their own one. The first characteristics 
evoked in the definitions of conflict are related to 

“sudden” and “uncontrolled actions” of the road 
users in order to avoid the crash. Another important 
aspect of these definitions is the “close proximity” 
between road users on both space and time 
dimension. The fact that a crash will occur if none 
of the involved road users rapidly attempt an action 
to mitigate the situation appears to be particularly 
relevant to qualify an encounter as a conflict.  
 
Other important aspects are also evoked by 
Laureshyn et al. [3] to define a conflict. Indeed, 
they emphasize the continuous relationship between 
normal encounters and crashes, revealing here the 
ideas of frequency of occurrence and severity of the 
encounters. They present a pyramidal / diamond 
shaped representation of both frequency and 
severity of conflicts in the global frame of 
encounters ranging from common ones to 
accidents. This way of representing conflicts shows 
the relationship between the severity and the 
frequency of problematic encounters. The notion of 
severity is reported by both Kraay et al. [1] and 
Laureshyn et al.[3] as a very important aspect of 
what makes an encounter a conflict. The latter 
indicates that severity is related to various factors 
namely: “Type of road users”, “collision angle”, 
“collision speed” and “potential damages”. These 
questions have been reviewed within the InDev 
project D2.1 Appendix 6 [4]. 
 
Evaluating the severity of conflict is an important 
issue and a key point of conflict identification and 
analysis. Different parameters are generally 
considered. Initially the notion of severity was 
described as being related to “both the probability 
of collision and the extent of the consequences if a 
collision would have occurred” [5]. The type of 
involved road users is also described as influencing 
the conflict severity through the potential 
consequences in case of collision [3]. The 
probability of collision can be related to objective 
values such as TTC, speed and proximity. Involved 
road users evasive manoeuvers and control over it 
may also influence the severity criteria. 
 
 

METHODOLOGY 

Two kinds of naturalistic observations have been 
carried out in 3 different countries: France, 
Hungary and Spain in order to collect conflicts 
between vehicles and VRUs. Only conflicting 
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interactions between VRU(s) and vehicle(s) are 
presented here.  
 
On-site observations A first data set has been 
collected from on-site observation. These 
observations were conducted in Lyon and 
Budapest. In this case, test sites are equipped with 
cameras that continuously record traffic data during 
long periods of time. Such road traffic observations 
have been used for decades to evaluate road safety 
of the infrastructure. Different protocols have been 
designed such as the Doctor technique [1] or the 
Swedish technique [6] which are based on observer 
judgements. For this reason, protocols are designed 
to also train the observers to recognize conflicts. 
This is also the reason why caution is required 
when being used as they rely mainly on human 
subjective evaluation. However, the possibility to 
include video analysis to the subjective data brings 
back interest to the approach. Such observations 
can provide very useful information like location, 
distance, speed of surrounding traffic, time to 
collision, post encroachment time, etc.  

 
In-vehicle observations A second data set was 
collected from in-vehicle to observe interactions 
from an equipped vehicle with surrounding 
VRU(s). These observations were conducted in 
Budapest and in Barcelona. 
The approach followed here differs from the so-
called NDS, as the study is not intended to observe 
totally free driving by different drivers. Even if 
drivers drive in a natural setting, without the 
presence of an experimenter, they are asked to drive 
in hotspot areas, where conflicts have a high 
probability to occur. Recorded data focuses on the 
road environment rather than on the driver himself. 
 
Test sites have been selected regarding different 
criteria such as high concentration of bikes and 
pedestrians, accident fatalities reported in maps of 
accidents, investigation among neighborhood… 
 
Data collection 
 
Data collection in France Two campaigns of data 
collection were undertaken (September-October 
2015 & April-May 2016) in two areas in Lyon, 
cameras that targeted the roadway being installed in 
private premises (Fig. 1). In each area, two cameras 
filmed continuously the same scene from two 
points of view in order first to enable an optimized 

image processing and then to allow for 3D 
reconstitution (necessary to obtain vehicle and 
VRU’s trajectories). The video recording systems 
consisted in Axis IP camera plugged on a Synology 
server to store the video data. The camera provided 
8.3 MP/4K Ultra HD resolution image at 25 frames 
per second. The recording systems were monitored 
through secured internet connection to check the 
recording status. The video sequences represent 
about 1,440 hours of acquisition.  
 

 
Figure 1. Site 1 – View from one camera 

An automatic pre-selection tool has been designed 
to provide a quite large set of relevant situations. 
This tool first extracts foreground objects - car and 
VRUs – (Fig. 2) by modelling the urban 
background (image of the empty scene), then 
classifies the detected objects in two classes that 
include respectively the VRUs and the cars, based 
on the size and the geometry of the detected shape 
(Fig. 3). Finally, conflicts are identified based on 
the distance between VRU and car objects to the 
condition that they remain close for a certain 
period.  
 

 

Figure 2. Object detection results 

 

 
Figure 3. VRU / car classification results 
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1,400 potential conflictual situations have been 
manually reviewed for validation and 126 have 
been retained as of interest. The conflicts have been 
then encoded using an annotating sheet that is 
common to all T2.2 partners (see data annotation).  
To help at filling all the required information for 
each retained sub-sequence, a software has been 
developed to compute the trajectory of each actor of 
the conflicts. Tracking is achieved by an expert that 
chooses the better part of the objects to track. 
Because 3D raw points obtained from the 2D 
tracking and after a 3D re-projection are noisy, a 
filtering step is applied to yield smoothed trajectory 
curves. 
 
Data collection in Hungary 25 locations with 
different infrastructure layout, traffic control, etc. 
were selected in Budapest, to ensure the diversity of 
conflict situations (Fig. 4). Approximately 1-1.5 
hours of data was recorded in each session, where 
the time and length depended on expected conflict 
frequency. Recordings were carried out between 
mid-October 2015 and end of August 2016, 
therefore VRU and driver behavior in different 
weather conditions have been analyzed.  
Two or three cameras were used in every location, 
which were mounted to infrastructure elements 
(lamp post, back of traffic sign, etc.). The resolution 
of the videos is 720p (1280x720 pixel), with 30 
FPS (30 Hz) image capture frequency, to ensure 
adequate detailing with optimal data size (100 
hours of recordings on 700 GB). 
 

  
Figure 4. Camera position on-site 

Video processing was carried out manually with 
dedicated software developed at BME, which 
allows synchronized scrolling of videos, tracking of 
road users, and describing situations (Fig. 5). The 
software is connected with a dedicated database 
which stores the different types of data (see data 
annotation). 
The labelling process starts with the recording of 
base data of transport users and continues with the 
drawing of trajectory boxes (rectangle) frame by 
frame for all transport users involved in coded 
situations. Time-dependent activities are added 
manually with a start and an end time-stamp. 
 
The 2D trajectories of road users were calculated 
from videos by dedicated software that uses the 

pinhole camera model as it is widely used in 
photogrammetric engineering. Firstly the 
calibration of the cameras was solved to eliminate 
the distortion of the fish-eye lens. Secondly the 
position of the camera was calculated with defining 
multiple control points on each camera-picture.  
The last step is the projection of trajectory points 
(the middle of the trajectory rectangles) onto the 
road surface level to get the path of transport user in 
2D. The result of this calculation is an X-Y dataset 
with 30 Hz for each transport user, which allows 
calculating velocity and acceleration as well (see 
Koppányi et al. [7]). 
 

 

  
Figure 5. Trajectories and control points 

 
For in-vehicle data collection in Hungary, three 
cameras (GoPro Hero 3+/GoPro Hero 4 Silver/ 
GoPro Hero 4 Black) and special CAN data 
acquisition software (WeCAN) have been used, 
CAN data being synchronized with events 
appearing in videos (Fig. 6).  
The three cameras recorded front, back/side and the 
driver. The resolution of the videos is 720p 
(1280x720 pixel), with 30 FPS (30 Hz) image 
capture frequency, to ensure adequate detailing with 
optimal data size (50 hours of recordings on 700 
GB). 
 

 
Figure 6. Camera position on-board 

Recordings were carried out on 7-10 kilometers 
long (25-80 min) routes through accident hot-spots 
according to accident analysis heat-maps and 
previous experience of traffic conflicts – covering 
as many hot-spots as possible. The survey was 
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taken between the middle of October 2015 to the 
end of August 2016, therefore VRU and driver 
behavior in different weather conditions were 
analyzed as well, total distance covered is 964 km. 
Video processing was also carried out manually 
with dedicated software connected with a dedicated 
database. The labelling process started with the 
recording of base data of transport users and 
continues with the drawing of trajectory boxes 
(rectangle) frame by frame for all road users 
involved.  
 
Data collection in Spain The in-car observations 
were conducted in Barcelona in some reference 
areas based on interesting hotspots for pedestrians 
and cyclists between the 7th of April and the 12th 
of August 2016. Around 1,000 hours have been 
recorded, around 8 TB were collected. The daily 
work consisted on 12 hours of driving and 2 shifts 
(6 hours per shift). Professional drivers were 
initially trained for the purposes of the activity. 
They were requested to drive normally and to 
activate a trigger whenever a conflict was 
identified. On the event of trigger activation, 
synchronized data from the different sensors 
(LIDAR, camera, vehicle CAN BUS, GPS) was 
extracted.  
The equipment used by IDIADA (Fig. 7) consists 
of a data fusion and object detection system based 
on one LIDAR sensor, a GPS data logger, a laptop 
and two cameras. Together with this, a keypad 
device has been mounted for manual registration of 
interesting cases by a triggering event. The rest of 
equipment is formed by Laptop, Vector CAN, 
Ethernet box, synchronization box, battery switch 
and feeding box.  
- LIDAR IBEO Lux 4: The laser scanner detects 

the surroundings and the objects located within 
its field of view allowing the measurement of 
the distance, velocity and direction of the 
detected bodies. 

- Camera Logitech Webcam C930 (FOV: 90º 
and 30 fps): Two cameras have been 
continuously recording the whole field test. 
One has been pointing towards the front view 
and another one placed inside the vehicle 
pointed towards the driver to record his 
reactions and/or his interactions with 
pedestrians. 

- GPS data logger Video VBOX from Racelogic: 
To record the vehicle’s current position. 

- vADASDeveloper: Data fusion and object 
detection. This software combines the 

information from the laser and CAN data from 
the vehicle and builds a virtual representation 
of the scenes.  

 
At the end, researchers viewed all extracted 
potential conflict situations and made a final 
selection of the conflicts to be considered within the 
study. Finally selected situations were later 
analyzed and annotated using a common coding 
grid. 
 

 
 

 
Figure 7. Equipment on the test vehicle 

IDIADA’s in-car observations allow the calculation 
of kinematic data by the use of kinematics of test 
vehicle provided by the CAN bus, and kinematics 
of the VRU provided by the LIDAR. For all 
conflicts, precise VRU trajectories were derived to 
compute all kinematic parameters - relative position 
and speed of VRU with respect to vehicle, TTC and 
or PET, vehicle acceleration – (Fig. 8). 
 

 
Figure 8. Video data from LIDAR 

 
Data annotation 
An annotating grid has been elaborated by all 
partners to provide information on how to encode 
parameters for analyzing the conflicts. It is 
composed of six sub-groups of parameters validated 
for annotation. They describe (1) the general 
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environmental conditions of the conflict (lighting, 
precipitation, road surface, traffic density, etc.), (2) 
the infrastructure (layout, number of lanes, 
dedicated lanes for VRUs, speed limit, type of 
traffic control etc.), (3) the characteristics of the 
VRU (type, gender, age, equipment, etc.), (4) the 
encounter characteristics (visibility of VRU, right 
of way, yielding behavior, conflict management, 
estimated impact point, etc.), (5) the intents of the 
VRU (head/torso orientation, gesture, flashing 
indicator), (6) kinematics and trajectories of both 
car and VRU. Start and end timestamps are 
recorded for time dependent parameters such as 
yielding, head movements, kinematics etc.  
Conflicts are classified according to their severity 
levels. Severity is first assessed by subjective 
measure (as filtering process), then revised by 
taking into account kinematic data as a more 
objective measure, in order to mitigate data validity 
concerns. 
 
Training session has been organized in order to 
finalize the data collection and to ensure coding 
homogenization.  
 
Conflict clusters  All conflicts have been clustered 
according the use cases defined in the Prospect 
project, which cover different encounter 
configuration. Aggregations of use cases have been 
done, as from a sensor perception viewpoint only 
the relative positions between car and bicycles are 
of main interest. Infrastructural conditions, road 
geometry and right of way rules are only secondary 
and mainly influence the vehicle control and HMI 
behavior. Among all use cases, 12 have been more 
deeply considered as they are selected to be 
implemented in the demonstrators: 9 for cyclists 
and 3 for pedestrians. Even reduced, this number 
still addresses around 80% of all cyclist accidents 
investigated in the project.  
 
For each use case, a detailed description of all 
conflicts that have been extracted has been made. 
This large amount of information contributes to 
specify the use cases that will be utilized further in 
the project, as it includes a battery of VRUs’ 
behavior when involved in a specific configuration 
and allows for identifying the most important 
features of influence in the investigated scenario. 
At the end, this work will not only contribute to 
define clues that could predict VRUs’ behavior in 
the near future, but can also be used to calibrate the 

most representative cases that will be utilized for 
the test development. 
 
Kinematic data 
Each conflict has been described in terms of 
kinematics to evaluate criticality and severity of a 
potential collision. Kinematics data contains the 
detailed trajectories (with timeline) of VRUs and 
car and describe the conflict with calculated 
indicators. Two measures have been more 
specifically computed: 
- Time To Collision (TTC) as “the time required 

for two vehicles to collide if they continue at 
their present speed and along the same path” 
(Hayward [8], 1971). The smaller a TTC value 
is, the more dangerous a situation is.  

- Post-encroachment Time (PET) as “the time 
between the first road user leaving the common 
spatial zone and the second arriving at it” 
(Laureshyn et al. [3]. 2010). 

 
Based on actual (on-site observations) or relative 
(in-car observations) positions and speeds of car 
and VRU(s), these measures are calculated at each 
time step (see TTCi, TTCe and TTCx on Fig. 9). 
From these times it can be decided whether the 
VRU or the car will reach the conflict zone first 
(TTCi is larger or TTCx).  
 

 
Figure 9. Key points and times of TTC calculation 

Positions are also calculated where the VRU will 
cross the borders of vehicle’s path (see Xi, and Xe 
on Fig. 9) and the front line (Yx) of the vehicle. 
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From these points it can be decide whether they 
may collide or not. When the relevant coordinate (if 
the vehicle arrives first then Xi; if the VRU arrives 
first then Yx) is smaller than the vehicle’s size, car 
and VRU are in collision course and TTC is 
calculated, otherwise PET is calculated. 
 
Another method has also been further used with 
French data to compute TTC and PET indicators. 
From the current car and VRU trajectories 
predictions of the situation evolution are computed 
at each time step based on kinematic data. Thanks 
to these predictions, behavioral adaptations from 
both car and VRU are taken into account.  
From the extrapolated trajectories, shapes of 
vehicles and VRU are reconstructed according to 
theirs dimensions. Separating axis theorem is used 
to test the possibility of a collision at each time 
step. Then TTC and PET indicators are directly 
computed on collision predictions. 
 
Other parameters have been discussed such as: 
-  Time To Conflict Zone (TTCZ) which is the 

maximum of TTCi and TTCx, i.e. the time 
when the second road user arrives to the 
conflict zone. When car and VRU are in 
collision course, TTC=TTCZ. The interest of 
such a value is that it can also be given even in 
case of PET calculation. TTCZ is continuous 
for both situations. 

- Time Difference To Collision (TDTC) 
defined by Zhang et al. [9] (2012), corresponds 
to “the time difference for a pedestrian and a 
vehicle to travel to the potential conflict point 
if their speed keeps constant”. Considering 
pedestrian behavior as a way more flexible 
than the vehicle one, Zhang and al. proposed 
this new parameter that better takes into 
account pedestrian mobility. "TTC and PET are 
not able to individually capture all the 
dangerous interactions." (i.e. a vehicle may 
induce pedestrian to fall when passing by too 
close, even if they never collide). TDTC 
innovative dimension deserves to be further 
studied. 

 
 

RESULTS 

From the 1,080 hours of videos recorded at 
IFSTTAR, 1,000 hours recorded at IDIADA and 
150 hours at BME, naturalistic observations allow 
for extracting 602 conflicts analyzed in terms of 
severity (Table 1). Each of them was annotated 
using the common annotating grid using all 
parameters. 

Most of the conflicts extracted from the videos are 
at a low level of severity. Only 2 or 3 have been 
found by each team at a high level of severity. 

Table 1. Summary of analysed conflicts 

Severity 
France Spain Hungary 

Low Med High Low Med High Low Med High 

Cyclists   23    15     0   22     4     0   33   17    3 

Pedestrians   66    18     2  260   20    1  105  13    0 

Total   89    33     2  282   24    1  138   30   3 

Total 124 307 171 

 
The number of time a pedestrian or a cyclist makes 
sign or hand gesture toward the car in conflict was 
investigated. Unfortunately very few are registered. 
Such gesture has different meaning according to 
when it occurs: 
- Generally before T0, a hand gesture 

corresponds to a request for yielding or on the 
contrary to give the way. 

- At T0, a hand sign expresses either a thank or a 
reprimand (in French data) or a request for 
yielding or to give the way (Hungarian data). 

- After T0, most of the signs express either a 
thank or a reprimand in both French and 
Hungarian data. 

 
 

EXAMPLES OF CONFLICT ANALYSES 

Car turning left (Fig. 10) A car intends to turn left 
at the junction, a pedestrian comes from the right at 
a crosswalk. Generally, the pedestrian has an 
absolute right of way while the driver has only a 
conditional one as they have to yield in the presence 
of a pedestrian. 
 

 
Figure 10. An example of use case 

 
24 such conflicts have been analyzed in terms of 
how pedestrians check the environment before or 
while crossing (from French data). Three types of 
pedestrian behavior have been observed: 
- In  most cases (18 cases), the pedestrians 

clearly look around and towards the car before 
crossing, which seems to show they have taken 
into account the presence of the car and expect 
the drivers to adapt their behavior accordingly. 
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However, if the driver actually adopts his/her 
speed in some cases, in small half cases, 
pedestrians have to slow down or speed, or to 
deviate or even to jump, in order to avoid being 
hit. In these last 7 cases, lack of reaction from 
the driver is noticed, pointing out the interest of 
Prospect-like systems.  
Among these 18 cases, pedestrian’s gesture has 
also been observed (gesture of irritation after 
the car passes and gesture to ask for yielding 
before the car passes). 

- In 3 cases, the pedestrians look around later 
while being crossing, and realize the presence 
of a fast car. In these situations, the pedestrian 
either forces the vehicle to brake making a sign 
or not, or deviates to avoid the vehicle. 

- In the last 3 cases, the pedestrians adopt a risky 
behavior without taking into account ambient 
traffic: don’t look around before crossing and 
force cars to brake. 

 
 
The following pictures illustrate the evolution of 
three conflicts between cars and pedestrians.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Full line = expected trajectory  /Dotted line = real trajectory 
VVRU = VRU speed / VCAR = Car speed 

Figure 11. Example of a conflict in Lyon 

In the pictures of Fig. 11, a car intends to turn left at 
the junction while a pedestrian crosses the road 
from the right on a crosswalk, in the city of Lyon. 
The driver seems not to look toward the pedestrian, 
obviously diverted by a skater arriving from his 
left. He only realizes at the last moment the 
presence of the pedestrian. The speed of the car was 
quite high at the beginning, which forces 1) the 
driver to break hard to avoid the pedestrian and 2) 
the pedestrian to steps back to protext herself from 
the car. The criticality is assessed first by the need 
for an evasive maneuver from both driver and 
pedestrian and then by the TTC value which is 
quite low (TTC = 0.88s) at the most critical time of 
the conflict.  
 
 

 
Figure 12. Example of a conflict in Barcelona 

Pictures in Fig 12 illustrate the evolution of another 
conflict between a car and a pedestrian, in the city 
of Barcelona. In this situation, the driver 
approaches a junction with car absolute priority 
over pedestrians. When the driver decides to turn 

Vcar = 14 km/h 

Vcar = 35 km/h 

Vcar = 8 km/h 

VPed = 3 km/h 

VPed = 4 km/h 

VPed = 5 km/h 

 TTC = 0.88 s 

Vcar = 24.3 km/h 

Vcar = 13.89 km/h 

VPed = 7.6 km/h 

VPed = 2.8 km/h 

TTC = 1.3 s 

Other cars  

Garbage bins 

Pedestrian 
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left, he unexpectedly notices a pedestrian crossing 
in a place where he is not allowed to. The driver 
breaks to avoid a collision and gives the pedestrian 
a safe place to have enough time to finish crossing 
safely (TTC = 1,3sec.). 
In this case, TTC is computed thanks to the lidar 
system (120° angle) using laser beams. The 
distribution of dots allow for determining the 
position and distance of potential obstacles 
(pedestrians, other cars or garbage bins).  
 
 
The last example (Fig. 13) takes place at a complex, 
un-signalized intersection, where the car crosses a 
zebra crossing, a tramway and then turns right and 
crosses another zebra crossing – on which the 
pedestrian arrives. The driver realizes the situation 
quite late, therefore needs a high deceleration. 
Although vehicle speed is not high, this conflict is 
relatively severe, as TTC is very low, 0.33 s. (Right 
after this situation, the pedestrian gets into another 
conflict with a car arriving in the next parallel lane. 
But the latter one is less critical as the driver starts 
to brake earlier thus we focus on the first case.) 
 

 

Figure 13. Example of a conflict in Budapest 

 
Figure 14. Trajectories of pedestrian and car 

(Budapest) 

Figures 14 to 16 show the situation in a frame from 
camera recordings, the trajectories of the 

participants in an absolute and in a vehicle-based 
coordinate-system and finally the values of some 
key parameters by time. 
 

 
Figure 15. Relative position of VRU (Budapest) 

 

Figure 16. Speeds, acceleration and TTC, TTCZ 
(Budapest) 

 

 

CONCLUSION 

Conducting naturalistic observations in limited time 
is challenging, as these studies are time consuming 
at each step of the work.  
 
The first objective of this study was to collect and 
to analyze a large amount of relevant conflicts 
between vehicles and VRU (pedestrians and 
cyclists). More than 2,000 hours of videos were 
recorded in Lyon, Barcelona and Budapest and 
allowed for extracting 602 conflicts. Nearly half of 
them belong to the use cases that have been 
identified to be implemented in the Prospect 
demonstrators.  
Each of these conflicts was then fully annotated 
according to six sub-groups of parameters which 
describe the general environmental conditions of 
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the conflict, the infrastructure, the characteristics of 
the VRU (type, equipment, etc.), the encounter 
characteristics, the intents of the VRU and 
kinematics and trajectories of both car and VRU. 
 
Analyses performed on each use case provide 
descriptions of a battery of VRUs’ behavior when 
involved in a specific conflict that will help to 
identify the clues that can predict VRUs’ behaviour 
in the near future.  
Finally, the naturalist observation campaigns made 
available videos where lots of more situations could 
be extracted. This part of the project focused on 
conflict situations between vehicles and VRUs. 
New analyses are planned to provide information 
about typical situations. Kinematic data will be 
computed for example regarding cruise speeds for 
VRUs (pedestrians, cyclists) under normal traffic 
situations.  
 
The development of these studies will contribute to 
the improvement of the state-of-art knowledge 
about accident causation and facilitate a better 
understanding of potentially dangerous traffic 
situations with VRUs. In particular, it includes the 
identification of behavioral patterns that lead to 
such situations, from both VRU and driver 
perspective. 
Additional to the accident analysis data on national 
and European level, Naturalistic studies will enable 
realistic modelling of VRU behavior, including the 
identification of indicators that signal VRU intent. 
These results will provide important input to safety 
system development, to testing methodologies and 
tools in the PROSPECT project, but as well as to 
future research projects. 

 
 
PROSPECT is a collaborative research project 
funded by the EC under Grant Agreement nº 
634149 
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ABSTRACT 

 

In 2015, there were 12.611 registered motorcycle accidents in Germany. About twenty-five percent of all these 

accidents were caused by a lane change maneuver. Such accidents put the human lives in severe danger and might 

lead to serious injuries (AIS 3+) which need a long period of recovery. For that reason, different safety concepts 

for motorcycles are being investigated. The main challenge here is about finding an adequate safety concept, 

which is able to support the driver while changing the lane. 

A benchmark of sensor systems in a virtual environment has shown that imaging sensors can be used to design a 

Lane Change Assist (LCA) in a compact package. This can be realized with two cameras allowing the sensor 

system to survey the complete safety area. The image processing is based on advanced algorithms, which detects 

objects on the driving way and lane markings. Thus, the image will be further processed for transforming the 

detection resultant points into an orthogonal view. This perspective shows the lane markings and the rearward 

surrounding cars. The distance calculation is based on the scaling ratio between the orthogonal view and the 

reality. At this point the algorithm is able to calculate the safety area in relation to the differential velocity. When 

the safety distance between the motorcycle and the car is too small, the LCA initiates appropriate visual and haptic 

warning signals. In addition to that, the motorcycle will have a pull upright to support the driver to react earlier in 

such situations. 

The imaging sensor based Lane Change Assist is able to detect objects and lane markings. In addition, the LCA 

can be applied to every motorcycle, due to the compact package form. This research topic has a relevance to the 

technical session #6: Crash Avoidance Technologies. 
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INTRODUCTION 

 

Accident analysis 

 

According to the statistics of the Federal Statistical 

Office (DESTATIS), around 12611 motorcycle ac-

cidents with personal injuries happened on German 

roads in 2015. Thereby 24 percent of those accidents 

can be regarded as those, which are relevant for a 

two-wheeled vehicle (motorcycle) Lane Change As-

sistant as shown in the diagram in Figure 1. Those 

include each lane changing overtaking maneuver 

that led to a collision with nearby driving vehi-

cles(s).  

 
 

Figure 1. Federal Statistical Office (DESTATIS) motor-

cycle accident statistics 2015 [1]; Own representation 

Additional statistics from the German In-Depth Ac-

cident Study (GIDAS) published in 2010, showed 

that 17% of all accidents where two wheel vehicles 

were involved are caused by an incorrect running 

lane change [2]. 

 

On the basis of these statistics, it is obvious that a 

Lane Change Assistant for a motorcycle is necessary 

for increasing the driver’s safety and in addition im-

proves driving comfort for the driver. With a lane 

change system, it would be possible to prevent up to 

17-24% of all accidents that ended with persons in-

juries in Germany and thus worldwide.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Motorcyclist alertness 
 

 
Figure 2. Effort regulation in the information processing 

by Sanders (1983) [3]; Own representation 

The effort regulation in the information processing 

after Sanders can be seen in figure 2 [3]. With this, 

it can be explained why a lane change might be in-

correctly carried out. Indeed, the required psycho-

physical energy for attention and activation aware-

ness for actions such as the lane change action is pro-

vided by a central resource. The capacity of this cen-

tral resource varies from one person to another. This 

capacity is as well influenced by temporally variable 

factors which can lead to situations where the capac-

ity of the central resource is weakened or not fully 

available. Indeed, an increasing demand for capacity 

during an activity increases the required effort(s). 

The activation depends on the capacity and motiva-

tion behind this effort(s). In case where the available 

variable capacity is exhausted, it cannot be instanta-

neously further increased for the required efforts. 

Such cases where low capacities occur are due to fa-

tigue and monotony. In addition, the inefficient dis-

tribution of the efforts on the tasks can lead to reduc-

ing the attention and awareness levels. These occur 

for instance in anxiety, confusion, anger, agitation or 

muscle tension, etc. [3]. Moreover, confusing situa-

tions, distraction and carelessness can cause that a 

lane change is wrongly done. As marked in Figure 

2, the driver can be supported through a Lane 

Change Assistant in the psychological mechanisms 

(red mark) such that a controlled positive effect on 

the action (green marking) is added. 

 

STATE-OF-THE-ART 

 

Lane Change Assistant car  
 

Lane Change Assistants [4] are already established 

techniques in passenger cars for a long time. The de-

tection of vehicles on the neighboring lane occur de-

pending on the manufacturer approach using radar 

sensors (24 GHz or 77 GHz), cameras or laser scan-

ners. Here a visual warning is carried out in danger-

ous situation, if no indicator for lane changing is set. 

A higher warning level is mostly activated when the 

indicator is set. Usually, optical warning signals, as 

seen in Figure 4 at an Audi Side View Assist, are 

placed in the side mirrors. Often, the optical warning 

is also placed in A-pillar or Head up display. Warn-

ing signals are displayed in optical form by means 
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of light, acoustic in the form of warning sounds or 

haptic vibration on the steering wheel or seat. There 

are also active systems, which alert not only the 

driver, but also actively intervene in the steering of 

the vehicle. With such systems, the track can be kept 

or changed. The driver can overrule the system at 

any time. 

 

 
Figure 3: Example of Warning Signal in a car [5] 

Side View Assist  

 

Currently BMW is offering the world's first environ-

mentally-friendly driving assistance system in two-

wheel-drive vehicles the Side View Assist (SVA) 

[2]. In a Maxi-Scooter BMW C 650 GT, the system 

warns the driver visually if there is a vehicle inside 

the blind spot. The warning signal is communicated 

in form of a luminous triangle in the mirror base. 

When the signal is disarmed and the blinker is acti-

vated, the triangle symbol begins to flash. The sys-

tem operates with four Bosch ultrasonic sensors 

(two front and two rear), which detect the area 

around the vehicle with a radius of five meters. The 

rear sensors cover the blind spot. [6] The rear sen-

sors cover the blind spot. The two front sensors are 

used for plausibility checks, in which you distin-

guish opposite, parked and relevant traffic users. 

 

 
Figure 4: BMW Lane Chance Assist sensor cone [2] 

Moto Riding Assist  

 

A further assistance system for motorcycles, which 

this time has in relation to the moment of the pulled 

upright, is the Moto Riding Assist. The motorcycle 

by Honda [7] is able to preserve in the state of bal-

ance. The vehicle is also able to drive in a self-con-

trolled manner without a driver in step-tempo. In ad-

dition, it is equipped with a mechanism which al-

lows the steering head angle to be varied. Thus, the 

wheelbase can be changed for the benefit of higher 

driving and standing stability in slow locomotion. 

 

 

 

 

METHODOLOGY 

 

Simulation in the virtual environment  

 

Due to safety-critical aspects, it is imperative to test 

driver assistance systems before they can be released 

and used in the normal road traffic. The developer 

must ensure that the expected risk in dangerous sit-

uations through the use of the assistance system is 

lower than without. This leads to a considerable test 

effort, which is sometimes one of the most time-con-

suming and costly phases in software development. 

In order to profit in terms of reproducibility, flexi-

bility, cost reduction and the process to create test 

and evaluation possibilities for specifications and 

solutions at the beginning of a vehicle development, 

the simulation tool PreScan is predestined for this 

purpose. The scenarios in the tool can be defined and 

executed in a virtual real-time based GPU. In addi-

tion, sensor concepts can be verified through this 

simulation tool. 

 

Benchmark sensors  

 

To make an appropriate selection of a sensor for a 

motorized two-wheel vehicle, a benchmark in the 

virtual environment was conducted. Here, the sys-

tem should ensure detection in the blind spot and fast 

vehicles coming from behind. 

 

The challenge compared to a lane changing assistant 

in motor four wheeled vehicles is that due to the 

driving dynamics of a motorcycle during a corner-

ing, a roll angle is created. For this purpose, environ-

mental sensors must ensure the coverage of the com-

plete hazardous area. Figure 5 shows the danger area 

and field of view of the motorcyclist. 

 

 
Figure 5. Field of view motorcyclist and danger area for 

lane change scenario 

The danger zone for this concept should not only 

capture the blind spot, but also to view the rear, to 

even alert of quickly approaching vehicles. Scenar-

ios as shown in Figure 6 can be seen as lane change 

scenarios. 

 

To classify suitable sensors, virtual scenarios were 

modeled in PreScan, which cause a strong roll angle 

in the motorcycle model while driving on narrow 

curves. Thereby, no mechanical compensation of the 

roll angle should be performed. 
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Figure 6. Possible lane change scenarios 

Selected sensors were considered more closely for 

the benchmark in the virtual environment with some 

scenarios including curves. The attached sensors 

were checked for the covering of the dangers area 

(Figure 7). Furthermore, by varying the inclination 

of the sensor pairs A-D the achievement of better re-

sults has been evaluated. The individual sensor pairs 

are described below.  

 

A: This scenario simulates situation, when corner-

ing. In this case the cover of the sensor for the com-

plete rear road is not guaranteed. In fact, the curve 

inner track can be not completely detected depend-

ing on the curvature degree and the inclination de-

gree of the motorcycle for such a situation, where a 

blind spot occurs, the fisheye camera is ideal, be-

cause it completely covers the blind spot.  

 

B: The scenario B deals with the case where two 

MFC2 cameras do not cover enough the neighboring 

track. These cameras are different from fisheye and 

were considered in this scenario for comparison with 

the settings in scenario A.  

 

 

 

C: Instead of the camera from Continental, here two 

SCam3 of TRW were tested. Only after variation of 

the inclination to 10 °, a complete cover of the dan-

ger area was given. However, with the variation, the 

sensor cone protrudes too far upwards for the trace 

detection. However, the sensor cable protrudes too 

far upwards with the variation for the track detec-

tion. 

 

 

D: The Blue Eagle First Sensor camera is ideal for 

the view to the rear. With this, a complete cover can 

be granted in any situation. Bosch Ultrasonic sensors 

are not suitable when cornering, due to the low ver-

tical field of view. Also, when you change the incli-

nation to 13° you will lose the potential collision 

partner on the curve exterior as shown in Figure 8. 

 

 
Figure 8. Benchmark Sensors in PreScan - Part 2 

E: The two sensors from First Sensor are predes-

tined for this concept. With these, they have the full 

area coverage in all situations.  

 

F: The short-range radar from Continental has very 

good horizontal coverage. With the small vertical 

angle of view of 12°, there is no cover on the tracks 

even at small roll angle situations. 

 

 
Figure 9. Benchmark Sensors in PreScan - Part 3 

Figure 7. Benchmark Sensors in PreScan - Part 1 



Kirjanov  5 
 

G: The Short-Range Lidar sensors are relatively 

large from the package and there is also no cover 

when slanted. The visibility of the sensor is only 10 

m. 

 
Figure 10. Benchmark Sensors in PreScan - Part 4 

Other: Time-of-Flight cameras could also be con-

sidered but they also have a limited range. Laser 

scanners are not considered due to the cost and in-

stallation space. As an alternative to mono-camera, 

a stereo solution would also be conceivable. How-

ever, these would bring more space, elaborate cali-

bration and more cost for the same result. 

  

Finally, the sensor combination of a mono-camera 

sensor and a fisheye camera sensor is the best solu-

tion for a Lane Changing Assistant for motorcycles. 

These can be installed in a compact manner and are 

relatively inexpensive to the other sensors. In addi-

tion, they would cover the danger area even in the 

case of deeper motorcycles. 

  

Human Machine Interface (HMI) 

  
The following paragraph describes how the warning 

for the motorcyclist can look, depending on the risk 

situation. Three warning levels are described in this 

concept: 

 

 
Figure 11. Illustration of Warning Signals for Lane 

Change Assist motorcycle 

Alert level 1: A vehicle is approaching at a higher 

speed than that of the motorcycle. Through the com-

putation of the time-to-collision, conclusions can be 

derived whether the vehicle is at a critical distance 

from the motorcycle. For this a warning with a con-

stant yellow LED illuminating will be displayed.  

 

Warning level 2a: A vehicle is with the actual time-

to-collision in a dangerous area behind the motorcy-

cle. This is followed by an optical warning with a 

constantly red LED. When the motorcyclists set the 

indicator, there will be an addition warning with a 

pulsing vibration on the steering wheel or under the 

seat.  

 

Warning level 2b: if a vehicle is in the blind spot a 

warning is given with a lit up red LED will start. 

When the driver sets the indicator, the optical warn-

ing signal pulses and the tactile warning vibrates 

constantly. If the driver (without a turn signal) is too 

close to a vehicle, the warning signals are also used 

here as with indicators.  

 

Warning level 3: if the driver initiates a lane change 

despite the warning level 2, the steering actuator en-

gages early and changes the steering angle (up to 2 

°) of the front wheel in the direction of the roll angle. 

As a result, the motorcycle has a set-up torque that 

warns the driver in addition. If the driver still wants 

to change the lane, he can easily override this. 

 

Calculation of the moment of installation 

The rotating front wheel has an angular momentum, 

which causes gyroscopic reaction moments when 

turning around the vertical axis, or skew. The angu-

lar momentum depends on the moment of inertia and 

the angular velocity of the wheel. 

𝐿 = 𝐽 ∗ 𝜔 [𝑘𝑔 ∗ 𝑚2] 

With this, the reaction torque can be described 

which has the cause for putting up the motorcycle. 

This depends on the angular momentum and the 

steering speed. 

𝑀 = 𝐿 ∗ 𝜔𝐿 [Nm] 

The actuators should be able to vary the steering 

speed such that different reaction moments can be 

hauled. 

Algorithm approaches 

 

The proposed Lane Change Assist algorithm con-

sists of the following stages: definition of the Region 

of Interest (ROI), Lane Detection, Object Detection, 

Homography and time-to-collision with triggering 

the actuators as shown in Figure 12. The aim of the 

proposed algorithm is to detect the positions of the 

lane and the vehicles behind the motorcycle. For this 

purpose, first we reduce the image for less computa-

tional complexity. However, since the motorcycle 

can lead to pitch and roll angles, these must be con-

sidered when determining the ROI. Afterwards a 

neural network with the deep reinforcement learning 

function search in the image the lane and possible 

objects behind the motorcycle. After that the points 

with the information about the lane and the objects 
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will be transformed into the orthogonal view. For 

this, there are for each roll and pitch angle an own 

transformation matrix, which were previously cre-

ated automated in PreScan.  

 

 
 
Figure 12. The flowchart of the algorithm 

Based on this data, the algorithm is able to determine 

the relative position of the lane and the objects be-

hind to the motorcycle. 

 

ROI definition 

 

At the beginning of the algorithm, the image must be 

preprocessed to compensate the pitch and roll angle. 

For this purpose, cropping of the image is automati-

cally done using a predefined transformation table. 

Cropping or, more precisely, defining an ROI serves 

to improve the detection by the algorithm and enor-

mously reduce the algorithm runtime. The size of the 

ROI is not constant as the visible range changes due 

to the pitch angle. Thus, there is a previously defined 

ROI size for each pitch angle as shown in Figure 14 

(d). 

 

 
Figure 14. (a) original image-1, (b) original image-2, (c) 

original image-3, (d) cropped image-1, (e) cropped im-

age-2, (f) cropped image-3 

 

 

 

Lane and object detection 

 

After determining the ROI, the position of the track 

and the objects behind the motorcycle is detected us-

ing the Deep Reinforcement Learning Method, as 

shown in Figure 5. 

 

   

Figure 15. (a) original image-4, (b) cropped image-4, (c) 

detected lane and object in image-4 

Deep reinforcement learning 

 

Reinforcement learning (RL) usually solves sequen-

tial decision making problems. An RL agent inter-

acts with an environment over time (Figure 4).  

At each time step 𝑡, the agent receives a state 𝑠𝑡 and 

selects an action 𝑎𝑡 from some action space 𝐴, fol-

lowing a policy 𝜋(𝑎𝑡|𝑠𝑡), which is the agent’s be-

havior. In an episodic problem, this process contin-

ues until the agent reaches a terminal state and then 

it restarts. The agent aims to maximize the expecta-

tion of such long-term return from each state. The 

return 𝑅𝑡 is the discounted, accumulated reward with 

the discount factor 𝛾 ∈ (0; 1]. 
 

𝑅𝑡 = ∑ 𝛾𝑘𝑟𝑡+𝑘

∞

𝑘=0

 

 

The agent aims to maximize the expectation of such 

long-term return from each state. [8] 

 

 
Figure 16. Principle of deep reinforcement learning [9] 

Homography 

 

Homography is the transformation of an image from 

the camera coordinates into another coordinate. 

There are for each roll and pitch angle one own 

transformation matrix. With that you are able to 

compensate the roll position of a motorcycle. After 

the detection of the lane and the objects, the points 

are transformed using the transformation matrix into 

the orthogonal view from above. Now it is possible 

(a)   (b)  (c) 

(d)   (e)  (f) 

(a)                     (b)                        (c) 

Road region 

Non-road region 

ROI 
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with the scaling to determine the relative position of 

the lane and the objects to the motorcycle. [10] 

 

 

 
Figure 17. Left: Camera view roll angle and base - Right: 

homography of the detected points 

 

Time-to-collision [11] 

 

For the time-to-collision, it is necessary to use at 

least two consecutive frames to detect the relative 

speed of the objects. For this purpose, the distance 

from the first frame is stored and subtracted from the 

second frame, whereby the distance change can be 

determined. The relative velocity and time-to-colli-

sion can then be calculated using the following for-

mula. 

 

 

 

 
Δ𝑥 = 𝑥1 − 𝑥2 

 

 

𝑣 =
Δ𝑥

Δ𝑡
 

 

 

𝑡𝑡𝑐 =
 𝑥2

𝑣
 

 

 

 

Figure 18. Time-to-collision schema  

 

DISCUSSION 

 

One of the main challenge for lane change system in 

motorcycles compared to passenger cars is caused 

by the resulting roll angle which occurs when driv-

ing through a curved way. This can be solved using 

the homography presentation. Restrictions herby are 

that during the transformation to the orthogonal 

view, the horizon is taken for reference as a plane. 

In the case of height differences such as hills, the 

reference point of an object is displaced after trans-

formation. As a result, the measured distance re-

quired in order to compute the time-to-collision is 

not correct. In order to avoid a wrong measurement 

in such situation, permanent redundancy is created 

over the size change of an object detection. By 

changing the scaling in a time interval, the time-to-

collision can also be described [12]. Using the deep 

learning method, the algorithm can be trained simi-

larly to a human brain. If there are situations which 

were not taken into account during the conceptual-

ization and training of the algorithm, the neural net-

work can assign it in its experience and decide ac-

cordingly. Here the functionality can be trained and 

tested in the virtual environment of PreScan. The 

trained neuronal network using simulated data can-

not be directly transferred to the real world. How-

ever, the algorithm can further be used and the train-

ing has to be done on the real street again.  

 

SUMMARY 

 

A Lane Change Assistant for motorcycles is nowa-

days mandatory in order to increase the safety for 

motorcyclists and other road users. About 17-24% 

of all accidents with personal injuries could be re-

duced with this system. To cover the full range of 

risk, camera sensors are predestined for this. Cam-

eras can also be mounted on the motorcycle in a 

compact design. A lane change system can be fitted 

on almost all two wheel vehicles, even subsequent. 

The current amount of two-wheel vehicles is located 

in Germany with over 4.2 million and rising almost 

constantly by 100,000 vehicles each year [13]. 

Through advanced image processing and data anal-

ysis methods (Deep Reinforcement learning), the 

Lane Change Assistant us able to analyze in real 

time the input images and monitor the lanes, nearby 

traffic and objects, deliver distances and information 

about the traffic situation. That information is used 

to support the driver for safe driving and safe over-

taking manoeuvers. 
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ABSTRACT 

Research Question 

In today´s society automotive manufacturers have always been more than just vehicle designers and 
builders. Social and environmental responsibility are a fundamental part, especially considering our 
customers. 

With the addition of many new passive and active safety features, traffic fatalities over the last decades have 
been significantly reduced.  It is however important not to forget the basics and ensure restraint systems are 
used correctly. 

Motivated by reports of low usage of child restraints or high misuse rates of these systems despite numerous 
campaigns of legal and consumer institutions, a private initiative laid the grounding for a promising idea: 
Instead of trying to convince adults, why not teach children directly to use the restraint systems correctly? 

Method and Data Sources 

The primary goal of this initiative was to awaken children’s natural knowledge appetite in order to better 
understand the basic physics and possible consequences of vehicle accidents. Over a number of events and 
in‐school workshops, children aged between 6‐10 years were educated in vehicle safety as occupants. 

Results 

With this additional knowledge it was possible to motivate the children to properly use restraint systems, 
thereby lowering risks in the event of an accident. After gaining this knowledge children were also more 
likely to function as role model for friends and even parents. To ensure a lasting effect, a booklet and a short 
film were especially designed for children. This gave children the additional opportunity to digest the 
knowledge acquired and to encourage a further discussion with their parents.  

Discussion and Limitations 

As this initiative received very positive feedback it is now about time to reflect and evolve in a broader 
approach. We hope to present further ways of rolling out this program to a much wider audience.   

The vision is ultimately to further reduce the risk of children being injured in vehicles accidents.  

Conclusion 

With this initiative a fundamental addition supporting path to all the existing campaigns for parents has been 
found. 

 



 

Ph. Wernicke, J. Olivier BMW AG  [2]                             

INTRODUCTION 

In today´s society automotive manufacturers have 
become more than just vehicle designers and 
manufacturers. They have evolved to future 
shaping global companies with the vison to 
enhance the interaction of individuals, vehicles 
and services and to develop sustainable mobility 
concepts. In addition to all these demands, car 
manufactures must also be socially and 
environmentally responsible as it relates to 
stakeholders especially customers and their 
families. BMW Group has always taken an active 
role in reducing future road fatalities, e.g. through 
the introduction of numerous safety systems. 
Furthermore, BMW focuses on finding long term 
solutions which are ideally transferable worldwide 
and help people to help themselves.  

Considering the field of vehicle safety, there have 
been many major changes in the previous 
decades: from substantial improvements in 
passive safety systems to the concept of 
integrated safety, which combines both passive 
and active safety systems.  

Today´s vehicle safety approach not only reduces the 
risk of injury in the event of an accident, it strives to 
avoid or mitigate the accident itself or cuts 
emergency services response time in the case of a 
serious accident. 
The effect of this development is clearly visible in the 
major reduction of fatalities in the last decades in 
the U.S. (Figure 1). 
 
Figure 1.  Motor vehicle crash deaths and deaths 
per 100 million miles traveled, 1975‐2015 [1] 

 
 
Regulations and consumer institutes are seeking to 
improve vehicle safety by covering more and more 
aspects of road accident scenarios in testing 
protocols, or by requesting the use of safety features 

by the traffic participants, e.g. safety belts, bicycle 
helmets or child restraints. 
 
The effect of these road safety developments is also 
visible in the reduction of child motor vehicle traffic 
fatalities by 45 percent from 1,955 in 2005 to 1,070 
in 2014. 
 
Figure 2.  Child Motor Vehicle Traffic Fatalities 
and Child Fatality Rates per 100,000 Child 
Population, 2005–2014 [2]. 

 
 
Especially in the case of child safety three main 
factors have contributed to these decreases:  

‐ The improved safety of vehicles.  
‐ The increasing focus of legislation and 

consumer test ratings regarding child 
restraint systems.  

‐ The accompanying education of vehicle 
occupants to use child restraint systems. 

 
Studies in Sweden, UK and USA have shown that 
using appropriate child restraint systems is highly 
effective in reducing the risk of death or injury for 
child car passengers in a crash (Figure 3). The usage 
rate of child restraint systems (CRS) has risen in the 
last decades to reach nearly 94% in the USA. 
 
Figure 3.  Estimated risk of injury reduction for 4 
to 10 year old children when using CRS [3, 4]. 

 
 
Despite these improvements in vehicle safety, in 
2015 663 children < 12 years (71% of the total motor 
vehicle related deaths of children) were killed in 
road accidents as occupants [5]. Motor vehicle 
crashes remain the leading cause of death and 
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disability for children age 4 years and older in the 
United States [6]. 

RESEARCH QUESTIONS 

Looking more closely at child motor vehicle accident 
statistics, one topic catches the eye: the high 
number of misuse of child restraint systems reported 
in several studies [7, 8, 9, 12]. It is clear that CRS are 
only effective if they are properly used.  
Misuse in a way that may reduce the safety potential 
of the child restraint system for the child occupant 
can be characterized in two categories: 

a) Improper installation of the CRS in the 
vehicle.  

b) Incorrect restraining of the child in a CRS. 
 

Several studies in recent years have analyzed the 
rate of misuse of CRS. The European project “Child 
Advanced Safety Project for European Roads” 
(CASPER) conducted studies in 3 large cities in 
Europe (Berlin, Lyon and Naples), which found an 
average misuse rate of 65% for children in 2011 [7]. 
Figure 4 shows the average misuse rate observed in 
European cities in the years 1997‐2011. Similar 
findings are indicated in studies and surveys from UK 
and USA. In general, it can be concluded that approx. 
50% of child vehicle occupants are not properly 
restrained.  
 
Figure 4.  Comparison of misuse rate area based 
on different field studies [8]. 

 
 
This figure indicates very high potential to decrease 
the number of injured children by increasing the rate 
of properly restrained children. 
 
A field study from 2011 conducted by ADAC [9] 
shows an age dependency of the rate of misuse for 
children. Only 28% of the younger age group (<6 
years) were not properly restrained, whereas a 
misuse rate of 48% for 6‐12 year old children was 
observed. 
 

Figure 5. Misuse rate for different age groups [9]. 

 
 
Motivated by these results, an analysis of accident 
incidences in Germany [11] was conducted. For older 
children an unchanged higher risk of getting severely 
injured in an accident was found for the years 2011, 
2014 and 2015 (Figure 6). 
 
To summarize: 

‐ Increased vehicle safety and the introduction 
of regulatory requirements stipulating the use 
of CRS lead to decreasing numbers of 
fatalities and injuries for children. 

‐ Misuse of CRS is high, leading to approx. 50% 
of children not being properly restrained. 

‐ The misuse rate is higher for older children. 
‐ Risk of being severely injured is higher for 

children at the age of 5‐12 years. 
 

It can be concluded that the higher misuse rate for 
older children is a primary factor contributing to the 
risk of this age group to incur severe injuries in 
traffic accidents as vehicle occupants. 
  
Figure 6. Distribution of severely injured children 
by age in Germany for 2011, 2014 and 2015 [11]. 

 
 
These findings raise two questions: 

‐ Why is the misuse rate for children between 
6‐12 years higher than for children under 6 
years? 

‐ What measures could be installed to increase 
the correct use of child restraint systems for 
this age group? 
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MISUSE RATE 
 
One possible reason for age‐related differences may 
be found by examining the requirements of 
regulations and consumer test rating programs (e.g. 
EuroNCAP, IIHS…), which mainly enforce the use of 
child seats for infants and toddlers. European vehicle 
rating programs for example, began addressing the 
issue of child safety in 2003 by including 18 month 
and 3 year old children in their protocols. Only 
recently in 2015/2016 have the protocols been 
changed to include dummies which represent 6 and 
10 year old children. This change was motivated by 
recent statistics which showed relatively higher risk 
of injury for 6 to 12 year old children.  
 
Furthermore, educational campaigns on child safety 
and the correct use of age appropriate CRS play an 
important role in reducing the misuse rate. These 
programs are either sponsored by regulatory bodies, 
consumer institutes or private organizations. 
Examples of these programs are shown in Figure 7. 
The majority of educational campaigns are designed 
for new parents to explain relevant regulations, 
choice of age appropriate CRS and their correct 
installation in the vehicle.  
 
Figure 7.  Selection of educational programs 
found by internet query. 

 
 
Parents are for the first time confronted with buying 
a CRS with the birth of their first child. At this time 
the natural protective instinct of the parents is the 
greatest. Infants and toddlers require and “demand” 
the protection by their parents more obviously than 
older children. Children older than 6 years are 
generally more self‐conscious and want to act 
independently more often. Thus, parents do not 
watch every step and are accustomed to give more 
responsibility to this age group. 
In summary, the reasons for different misuse rates in 
the two discussed age groups might be found in the 
concentration of requirements for “more 

vulnerable” small children and the orientation of 
educational campaigns targeted at new parents in 
combination with the age‐dependent treatment of 
children. 
 
To answer the second question, “which measures 
might improve this situation?” it is helpful to look at 
the different types of misuse [10] and some 
reasoning from parents [13]. 
 
Figure 8. Misuse types for booster seats [10] 

 
 
The types of misuse shown in figure 8 are found in 
several studies in Europe and USA. Two groups could 
be defined:  
Group a)   

‐ Misuse including the use of damaged CRS, 
installation failures (e.g. geometric 
incompatibility), and use of age‐inappropriate 
seats and incorrect attachement.  

Group b)   
‐ Misuse consisting of restraining errors like 

incorrect belt routing, poorly adjusted seat 
backs, slack in harness/belt, or the absence of 
any CRS at all.   

 
Some studies [13] reported on the confidence of the 
driver or the responsible adult that the seat was 
installed correctly. The majority responded that they 
were confident or very confident about the correct 
use of the CRS. The main reasons given by the 
drivers to explain the detected misuse were: 

‐ Low attention level to safety (inattention, 
time pressure, and/or short driving distance). 

‐ The child’s resistance to being restrained. 
‐ Children restraining themselves. 
‐ Problems with the restraint system. 

 
Assuming that parents are aware of the importance 
of the correct use of restraint systems the majority 
of the misuse types listed above should be 
addressed by the existing educational systems. 
Looking at the high misuse rates in Europe [6] and 
USA [12] the effect of already existing counter‐
meassures is not noticeable.  
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When reflecting on the list of misuse types, there 
might be a better way to tackle at least some causes, 
if these issues are addressed in a more effective 
way:  

Educate the children (> 5 years) instead of only 
the adults! 

 
IDEA 
 
Children older than 5 years are well aware of their 
environment and are beginning to develop self‐
awareness, which can also be seen in the interaction 
with their surroundings. They would like to be 
treated more like a grownup than a child. 
At the same time this age group still has a natural 
appetite for knowledge and is eager to understand 
their environment. Taking this into consideration, 
the authors believe that this appetite for 
knowledge should be cultivated and used to 
explain to the children the physics behind a crash 
in order to illustrate the necessity and benefit of 
restraint systems. By approaching the affected 
population, the types of misuse in group (b) (see 
figure 8 in previous section) might be mitigated in 
an effective way. 
 
First approach 
Personal experience of the authors shows that if 
children are confronted with the importance of 
safety of children in cars (e.g. because of the 
profession of their parents, or by their teachers in 
school etc.): 

‐ They are willing to accept the usage of 
restraints. 

‐ They are proud of being responsible for 
themselves. 

‐ They want to know more about the 
background and the possible consequences 
if restraints were not used in the unlikely 
event of a crash. 

‐ They want to share their knowledge with 
their friends. 

‐ They feel responsible for other car 
occupants and are proud of finding 
mistakes. 

 
Motivated by these observations a private initiative 
lead to an educational program with 3rd grade 
children (Figure 9). The children were taught about 
vehicle safety in general, the importance of restraint 
systems and the need to take special care of children 
as vehicle occupants. Interested and committed 
parents acted as trainers in the schools.  

Figure 9.  Contents of the first approach for 
primary schools. 

 
 
Despite the duration of nearly two class hours, the 
pupils remained attentive and participated actively 
in the lessons by sharing their own experiences. The 
positive feedback from the school teachers as well 
from the trainers completed the successful first step 
towards lower misuse rates. After this knowledge 
was conveyed, it was possible to motivate the 
children to properly use restraint systems. 
Additionally, children were also more likely to 
function as role model for friends and even 
parents. 
Feedback and observed child behavior following 
the schooling seemed adequate to validate the 
direct approach concept and deem it worthwhile to 
follow up on a “professional” level.  
 
Educational program “child safety in cars” 
Important feedback gained from the first step was 
that the core message of the training was not 
consistently clear enough and to the point.  
With this feedback and the wish to offer the 
program on a wider level, the BMW department of 
Corporate Social Responsibility was approached by 
the safety experts with their concept. 
The basic idea was very well received. Together with 
the communication experts and the support of an 
external agency specialized in educational programs 
the “child safety in cars” program was born (Figure 
10). The goal was to create a package of supporting 
media with condensed content which can be 
communicated internationally on different platforms 
and in different locations. 
 
Figure 10.  Joint actions to create the “child 
safety in cars” program. 
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The vision:  
Maximize the correct usage of child restraints 
and number of properly restrained children. 

 
Firstly, a booklet was produced in which the 
essential physics behind a crash are explained in 
language and a manner particularly appropriate for 
children. Readers are made aware of the importance 
of correct usage of restraint systems. Pupils between 
6‐10 years are addressed directly with the text and 
are being taken along with the two protagonists Max 
(6 years old) and his sister Anna (10 years old) on a 
drive with their parents.  
 
Figure 11.  Booklet “Safety in the car”. 

 
 
An unexpected emergency braking gets the ball 
rolling and the following questions were answered 
during the course of the story: 

‐ Why do serious injuries occur even at low 
speeds? 

‐ Why can’t I just hold on when the car brakes? 
‐ What’s the right way to fasten a seatbelt? 
‐ Why do we need child seats? 

 
Children learned about the different velocities of 
pedestrians, bicyclists, trains and even horses. Acting 
forces and their directions are explained. The 
interrelation between velocities and forces towards 
inertial forces are conveyed in a simplified manner.  
 
After the basic physics are explained to the children, 
they learn about the importance of child restraints 
and their correct usage. 
Throughout the booklet games and experiments 
motivate the children to interact with their 
surrounding and include the parents in the process. 
Finally, important information is given to the parents 
(Figure 12). 
 
 
 
 

Figure 12.  Extract from the Booklet “Safety in 
the car”. 

 
 
The most effective way to transfer knowledge to 
children has been found to be direct dialogue.  
Therefore, as a second step a short workshop (30‐
minutes) was designed to be held at educational 
institutions or within the scope of special events. 
The contents are closely related to the booklet. The 
concept was to create a lively dialogue between 
trainer and children. Hands‐on exercises or 
experiments engage the audience as actively as 
possible. 
To ensure a lasting effect and to give the children 
the additional opportunity to digest the knowledge 
acquired, the booklet is given to the children to take 
home with them. 
First experiences at event days for children in 
Munich validated the concept and showed the 
presentation duration to be suitable for the 
anticipated target group (Figure 13). 
 
Figure 13.  Impressions of workshops held at 
action days. 

 
 
Finally, a short (5 minutes) animated film has been 
produced for use at dealers, action days or other 
occasions. The film also reflects the contents of the 
booklet. 
All three parts, the booklet, the workshop material 
and the short movie form the “child safety in cars” 
bundle.  
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DISSEMINATION 
 
Remembering the reason to create the described 
social initiative, it is important to reach as many 
children as possible, not only in Germany but all over 
the world. 
Considering accident statistics and safety cultures in 
other countries (Figure 14), it is suggested a 
communication program as detailed in this paper 
may well be a very effective way to facilitate a new 
awareness of vehicle safety in people from 
childhood onwards. 
 
Figure 14.  Road traffic fatality rate for children 
19 and under, by country, 2010 [14]

 
 
The start has been made in Germany: BMW Group 
already partners with many educational institutions, 
e.g. Deutsche Museum Munich (one of the world's 
oldest museums of science and technology), the 
Bavarian traffic and safety control and many more. 
In October 2017, teachers will be schooled as 
trainers by BMW experts to be able to integrate the 
“child safety in cars” program in the traffic education 
for 3rd grade pupils. Workshops will be held during 
the course of event days for school children. And of 
course BMW employees as parents will continue to 
pass along the message to their children and their 
classmates in schools.  
The way to approach other countries depends on the 
local possibilities: it is in discussion to pilot the 
intended approach in the USA. The idea is to engage 
dealers and automotive clubs to organize actions 
days or go to schools as trainers. Currently BMW is in 
discussion with the BMW Car Club of America 
Foundation. BMW North America is already 
supporting as the main sponsor the “Street Survival 
Teen Driving Safety Program”. Since 2002, this 
program educates teens across the U.S. to become 
safer and smarter drivers [15]. Based on this 
common sense, BMW is aiming to discuss either an 
extension of this already existing road safety 

program or to install a totally new program for 
younger children. 
Additionally consumer test rating institutes and 
police officers may also show interest to play a role 
in disseminating the message. Ideally also legal or 
regulatory bodies could take on responsibility to 
further awareness. 
Currently the bundle is available in German and 
English with either metric or US units. Further 
languages (e.g. Spanish, French, Polish and Russian) 
are planned but depend on the initiative and 
willingness to pursue the program in the countries in 
question.  
 
LIMITATIONS 
 
The real influence of this new approach has not yet 
been validated using studies or data analysis, as the 
effect will take time to show up in any statistics. But 
based on common sense and very positive feedback 
received so far from professionals, trainers and of 
course children it is expected to offer worthwile 
potential. 
 
CONCLUSIONS 
 
In summary, it can be stated that with this 
initiative, a fundamental supporting path to 
existing communicative safety campaigns for 
parents has been initiated. The direct approach to 
educate children in vehicle safety in this manner 
may forge a path to a new safety culture 
worldwide. 
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ABSTRACT 

 

The cause of many car collisions is the lack of braking or late braking due to driver distraction or misinterpreting the 

situation. Autonomous Emergency Braking (AEB) systems help to avoid these accidents or mitigate their 

consequences by executing a braking action over the vehicle. AEB systems have proved to be very effective in cities, 

where speeds are moderate and braking actions are the most appropriate manoeuvre to avoid an accident. However, 

as vehicle speed increases (i.e. in interurban environments) the most effective action to avoid the collision might be 

an evasive manoeuvre instead of braking. Several studies are analyzing the suitability of an automatic steering action 

as compared to the AEB using lane change testing. Last Point to Brake (LPTB) and Last Point to Steer (LPTS) 

values have been already studied taking into account vehicle speed and distance between vehicle and obstacle 

among other factors. The objective of this study is to further explore the automatic steering function on selected Car-

to-Car and Car-to-VRU scenarios. It is considered that the steering actuation must ensure the collision avoidance as 

well as the safety of the vehicle occupants and other road users along the lane change process and until the end of 

the conflict. 

 

INTRODUCTION 

 

The figures of road fatalities in EU have fallen 

down dramatically since 2007 [1]. This success is 

in part due to advancements in road infrastructure 

and effective road safety campaigns, but also this 

has been caused by the notorious recent 

improvement in vehicle safety. Progress in passive 

safety, application of regulations to safety systems 

such as ABS and ESC and new developments in 

active safety systems have contributed to the 

enhancement of global vehicle safety. These road 

fatalities numbers are expected to continue 

decreasing in the coming years with the 

development of connected and automated driving 

systems. 

Advanced Driver Assistance Systems (ADAS) 

supporting the driver to avoid collisions have been 

over the last few years being available in series 

production vehicles. These systems are focused on 

the avoidance of rear-end collisions by fully using 

the braking potential of vehicles, after the 

detection of accidents about to occur. This 

understanding of the environment is accomplished 

with the aid of a network of devices such as 

camera and/or radar sensors constantly monitoring 

the vehicle’s surroundings. The first generation of 

such systems improved the Dynamic Brake 

Support (DBS), which assists the driver increasing 

the braking force in panic braking situations. Such 

system will notify the driver of a potential hazard 

by warning with audio-visual or haptic signals. 

The next generation of these systems offered 

automatic braking in imminent collisions 

situations, a system like this is the AEB 

(Autonomous Emergency Braking) system. 

AEB systems evaluate the risk of impact and 

determines the time when to automatically brake 

and avoid or at least mitigate the crash with 

another vehicle or pedestrian. For each driving 

speed can be defined a distance which represents 

the last-point-to brake (LPTB) in order to prevent 

the accident. An accident cannot be avoided by 

braking when the relative distance among the 
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vehicle and the obstacle is shorter than the LPTB. 

Moreover, the LPTB distance shows quadratic 

growth with the velocity and consequently the 

effectiveness of this manoeuvre decreases as the 

velocity rises [2]. Therefore, the conclusion here is 

that the AEB system is very useful on urban areas 

and in situations where the relative velocity among 

the vehicles is small, but it is not the best solution 

for interurban areas with higher speeds.  

Apart from fully braking, it is also possible to 

perform an evasive manoeuvre to avoid the 

collision. Analogously to the DBS, it is conceived 

the concept of the Dynamic Steer Support (DSS). 

This conceptual system would make use of the 

environmental vehicle’s sensors to detect 

hazardous situations and at the event of an 

accident, if the driver decides to dodge the 

obstacle, the DSS system would assist the driver to 

trace the most suitable trajectory to avoid the 

impact. A last-point-to steer (LPTS) distance can 

be defined for each velocity and each desired 

lateral motion and this distance increases lineally 

with the velocity.  

This study compares the LPTS and LPTB values 

for different velocities and different size of 

obstacles with the objective to understand which 

system would be the most suitable to prevent 

accidents depending on the driving circumstances. 

In order to obtain the LPTS values the software 

PreScan [3] has been used to run simulations for a 

reference vehicle and a set of velocities. The 

trajectory used to describe the evasion path is the 

5th order polynomial lane change given by the 

software trajectory planner. Some restrictions have 

been imposed to optimize as much as possible the 

trajectories.  

Finally, the results obtained are compared using 

CCR [4] and VRU [5] Euro NCAP [6] based test 

scenarios to better understand the suitability of 

each system on the different scenarios.  

  

METHODOLOGY 

 

This section contains the procedure and the 

considerations taken to obtain the LPTS and LPTB 

values. The reference vehicle for the simulations 

and calculations is a compact car. 

Definition of the evasive trajectory 

The avoidance by evasive steering conceived in this 

research is a rapid lane change manoeuvre. With this 

strategy it is intended to guarantee that the 

emergency steering manoeuvre preserves the 

occupants’ safety as it also stabilizes the vehicle after 

the first evasive manoeuvre. For this, a fixed 3,5m 

wide lane change is proposed. This width covers 

the case of avoiding big obstacles and is also valid 

for the avoidance of smaller objects. In these cases, 

after avoiding this small object, the trajectory 

could be modified by the system to a smaller lane 

change. The restrictions of this trajectory are given 

below: 

 Steering wheel angle ≤ 160° 

 Steering speed ≤ 1200°/s 

 Lateral acceleration peak ≤ 10 m/s2 

 Absolute trajectory error ≤ 10 cm 

 

The limitations regarding the steering wheel 

parameters aim to define a manoeuvre feasible for 

skilled drivers. The lateral acceleration peak and the 

absolute trajectory error are defined to avoid 

understeer and oversteer effects that could have a 

negative impact on the controllability of the vehicle. 

Briefly: the restrictions imposed define a feasible 

manoeuvre while maintaining high controllability. 

The methodology used to find the optimum lane 

changes consisted on running multiple simulations 

with the software testing trajectories variations 

progressively increasing the performance within the 

defined restrictions. These iterations were conducted 

for a set of velocities between 10 and 120 km/h. 

Figure 1 depicts a sketch of a lane change with some 

measurement points.  

 

Figure 1. Lane change trajectory with measurement 

points 

The vehicle’s longitudinal displacement in each point 

is represented by dx while its lateral displacement is 

represented by dy. The steering manoeuvre starts in 

the position o(xo,yo). This is the moment where the 

driver steers and from this point the system would 

assist the driver to trace am optimized trajectory. This 

point defines when the steering wheel angle is 

increased by 1°. The longitudinal and lateral 



Esquer 3 

distances travelled by the vehicle are calculated as 

𝑚𝑜̅̅ ̅̅ (x-xo, y-yo), being m(x, y) the interest point to 

measure.  

Calculation of LPTB 

In order to calculate the LPTB it is considered the 

moment when the brake pedal is depressed as the 

start point of the braking manoeuvre. Figure 2 shows 

the deceleration curve used for the LPTB calculation 

and its different phases.  

 

Figure 2. Deceleration profile with measurement 

points 

Phase 0-1 represents the delay between the initial 

brake pedal input and the start of the deceleration; a 

representative value of 0,065s has been selected 

which corresponds to an average time for compact 

cars. Phase 1-2 is a transient phase where the 

deceleration contains a constant jerk effect (25 m/s3) 

and in phase 2-3 the deceleration reaches and 

maintains a maximum value of 10 m/s2 until the 

vehicle stops. 

RESULTS  

 

The results obtained regarding the last points and 

moments to intervene (LPTI and LMTI) are compiled 

on different graphs to be compared. These curves 

illustrate the threshold velocity from where it would 

be more effective to perform a steering manoeuvre 

rather than an action on the brake pedal. Furthermore, 

based on the results, it is evaluated the feasibility of 

performing such manoeuvres in Euro NCAP AEB 

CCR and VRU test scenarios.  

Last-point-to intervene  

The last-point-to intervene encompasses the LPTB 

and the LPTS and represents the minimum distance 

with the obstacle to which full braking or emergency 

steering is effective. This distance depends on the 

velocity and presents different behaviour for each 

type of manoeuvre. Figure 3 shows the distance 

needed to stop the vehicle for different speeds and the 

distance travelled by the vehicle during evasive 

manoeuvres. The longitudinal distances needed for 

the lane change manoeuvres are shown for different 

lateral deviation from 0,25m to 2m. The LPTB 

required for small speeds is shorter than the LPTS; 

for velocities inferior to 30 km/h the braking action is 

more effective. For velocities superior to 60 km/h the 

LPTS is lower than the LPTB and the evasive 

manoeuvre becomes more efficient in lateral 

avoidances greater than 2 m. However, for velocities 

between 30 and 60 km/h the most suitable 

intervention depends on the lateral displacement 

needed to avoid the obstacle. 

 

Figure 3. Last-point-to intervene for a set of 

velocities and lateral deviation 

Last-moment-to intervene  

The LMTI (expressed in seconds) is the result of 

dividing the LPTI by the relative velocity between 

the vehicles. Therefore it can be defined as well a 

last-moment-to brake (LMTB) and last-moment-to 

steer (LMTS). If the intervention is made after 

passing the LMTI, then the accident is unavoidable. 

The LMTS is high for small speeds mostly due to the 

low lateral acceleration reached in these manoeuvres 

because of the maximum steering angle limitation 

and low longitudinal speed. However for medium 

and high speeds the lateral acceleration gets closer to 

10m/s2 and the LMTS becomes constant (see Figure 

4). The LMTB grows lineally as the velocity 
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increases and would reach a maximum of 2 seconds 

before the collision when driving at 120 km/h. 

 

Figure 4. Last-moment-to intervene for a set of 

velocities and lateral deviation 

Application of LPTI and LMTI results in CCR 

and VRU test scenarios 

In this section the previous results are evaluated for 

different test scenarios. With this exercise it is 

expected to obtain an accurate overview of how DSS 

systems could complement the AEB systems in 

controlled environment. The test scenarios are based 

on the Euro NCAP 2016 test protocol for the 

assessment of AEB CCR and VRU systems: 

 CCRs (Car-to-Car Rear stationary)  

 CCRm (Car-to-Car Rear moving) 

 CCRb (Car-to-Car Rear braking) 

 CVNA25 (Car-to-VRU Nearside Adult 25) 

 CVNA75 (Car-to-VRU Nearside Adult 75) 

 

 Additionally, some other scenarios are evaluated: 

 CCRs-50 (overlap 50%) 

 CCRm-50 (overlap 50%) 

 CCRb-50 (overlap 50%) 

 CVNA50-R (Car-to-VRU Nearside Running 

at 8 km/h Adult 50) 

 CVNA10 (Car-to-VRU Nearside Adult 10) 

 

The considerations followed to conduct this 

evaluation are shown next: 

 The test vehicle is referred as Vehicle Under 

Test (VUT) and is 1,8 m wide, the target 

vehicle (TV) is 1,6m wide and the adult 

pedestrian is 0,36 m wide.  

 All the evasive trajectories contain a “safety 

lateral margin” of 0,2 m between the VUT 

and the target at the moment of the 

avoidance.  

 Assuming a right-hand driving, the evasive 

manoeuver is always directed to the left 

side. 

 For the system’s assessment on scenarios 

involving vulnerable road users it has been 

defined a “minimum relative lateral 

distance” between the pedestrian and the 

vehicle from which the system will be 

allowed to intervene. Pedestrians need 

around 1 m to stop from motion [7] and 

therefore, in order to avoid wrong system 

interventions this “minimum relative lateral 

distance” is set to 1 m.  Figure 5 illustrates 

such distance. 

 

 

Figure 5. Representation of the system’s allowed 

intervention area   

The results for the evaluation in the mentioned test 

scenarios are shown below. A table is included 

summarizing the LPTI and LMTI values at the 

threshold velocity: 

CCRs test scenario Full braking intervention is the 

most suitable one for test velocities up to 50 km/h. 

For velocities higher than 60 km/h, the steering 

intervention is more appropriate (see Table 1). 

Table 1.  

Results for CCRs (test velocity=60km/h) 

 Steering Braking 

Last point to intervene  16,8 m 18,2 m 

Last moment to intervene  1,01 s 1,09 s 

 

CCRs-50 test scenario For lateral overlaps of 50% 

between the stationary target and the VUT (see 

Figure 6) the steering action is more effective than 

braking from 50 km/h. The table 2 shows the LPTI 

and LMTI values for that velocity. 
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Table 2.  

Results for CCRs-50 (test velocity=50km/h) 

 Steering Braking 

Last point to intervene  11,9 m 13,2 m 

Last moment to intervene  0,86 s 0,95 s 

 

Figure 6. Lateral overlap examples 

CCRm test scenario Braking action avoids the 

impact when the VUT velocity is lower than the 

target velocity. Last point to intervene is referred to 

the relative distance among the vehicles and last 

moment to intervene is in relative terms as well. 

Table 3 shows the measured values for the threshold 

velocity of 80 km/h. 

 

Table 3.  

Results for CCRm (test velocity=80km/h) 

 Steering Braking 

Last point to intervene  17 m 17,8 m 

Last moment to intervene  1,02s 1,07 s 
(Relative measures among the vehicles) 

 

CCRm-50 test scenario With 50% of overlap 

between the vehicles (as shown in Figure 6), the 

intervention upon the steering becomes the most 

suitable action for speeds from 70 km/h as Table 4 

shows. 

 

Table 4.  

Results CCRm-50 (test velocity=70km/h) 

 Steering Braking 

Last point to intervene  11,8 m 12,3 m 

Last moment to intervene  0,85s 0,89 s 
(Relative measures among the vehicles) 

 

CCRb (12m, 0,6g) test scenario CCRb tests are all 

conducted at 50 km/h. To study the suitability of the 

systems, are compared the available distance to travel 

and the available time to react (both for the VUT) 

from the moment the leading vehicle initiates its 

braking until the accident is unavoidable. For braking 

cases, VUT only needs to reduce its velocity below 

TV velocity. Table 5 shows that the braking 

manoeuvre has 0,09s more to react than the steering 

action. 

 

Table 5.  

Results for CCRb (12m, 0,6g) 

 Steering Braking 

Available distance to travel 

since target braking  
18,25 m 19,44 m 

Available to time to react  

since target braking 
1,31 s 1,4 s 

 

CCRb-50 (12m, 0,6g) test scenario In this case the 

steering manoeuvre has more available distance and 

time to react as described on table 6. 

 

Table 6.  

Results for CCRb-50 (12m, 0,6g) 

 Steering Braking 

Available distance to travel 

since target braking 
20,61 m 19,44 m 

Available to time to react  

since target braking 
1,48 s 1,4 s 

 
CCRb (40m, 0,6g) test scenario The results in table 

7 show that the braking action is more appropiate 

than steering. In such scenario, the target is already 

stopped when the VUT intervenes to avoid the 

impact and therefore the result is analogous to the 

CCRs scenario. 

 

Table 7.  

Results for CCRb (40m, 0,6g) 

 Steering Braking 

Available distance to travel 

since target braking 
46,4 m 47,44 m 

Available to time to react  

since target braking 
3,34 s 3,42 s 

 
CCRb-50 (40m, 0,6g) test scenario Table 8 shows 

that the steering action could react later than the 

braking action and avoid the impact. 

 

Table 8.  

Results for CCRb-50 (40m, 0,6g) 

 Steering Braking 

Available distance to travel 

since target braking 
48,78 m 47,44 m 
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Available to time to react  

since target braking 
3,51 s 3,42 s 

 
CCRb (12m, 0,2g) test scenario The available 

distance and time of both manoeuvres varies a lot as 

table 9 reveals.  

 

Table 9.  

Results for CCRb (12m, 0,2g) 

 Steering Braking 

Available distance to travel 

since target braking 
36,25 m 42,08 m 

Available to time to react  

since target braking 
2,61 s 3,03 s 

 
CCRb-50 (12m, 0,2g) test scenario Even for a 

lateral offset between the vehicles, the steering 

manoeuvre has less time to react when the target 

vehicle brakes smoothly.  

 

Table 10.  

Results for CCRb-50 (12m, 0,2g) 

 Steering Braking 

Available distance to travel 

since target braking 
38,61 m 42,08 m 

Available to time to react  

since target braking 
2,78 s 3,03 s 

 
CCRb (40m, 0,2g) test scenario The result brings 

similar conclusions but again the braking action 

could be done later than the evasive manoeuvre as 

table 11 indicates. 

 

Table 11.  

Results for CCRb (40m, 0,2g) 

 Steering Braking 

Available distance to travel 

since target braking 
75,75 m 77,3 m 

Available to time to react  

since target braking 
5,45 s 5,57 s 

 

CCRb-50 (40m, 0,2g) test scenario For an overlap 

of 50% the steering manoeuvre could be conducted 

slightly later than the full braking action. 

 

 

 

 

 

Table 12.  

Results for CCRb-50 (40m, 0,2g) 

 Steering Braking 

Available distance to travel 

since target braking 
78,11 m 77,3 m 

Available to time to react  

since target braking 
5,62 s 5,57 s 

 

CVNA75 test scenario Steering manoeuvre is the 

best solution for velocities starting from 60 km/h as 

table 13 reveals. Furthermore, the evasive trajectory 

is able to avoid the collision from 20 km/h and will 

always result in a collision for lower speeds. 

Automatic braking could avoid the impact even for 

100 km/h.  

 

Table 13.  

Results for CVNA75 (test velocity=60km/h) 

 Steering Braking 

Last point to intervene  16,56 m 18,16 m 

Last moment to intervene  0,99 s 1,09 s 

 

CVNA25 test scenario Braking is more suitable in 

this scenario up to 50 km/h. The accident can be 

avoided by steering from 30 km/h and will always 

result in a collision for lower speeds. From 50 km/h 

the most appropriate action is to steer as table 14 

shows. 

 

Table 14.  

Results for CVNA25 (test velocity=50km/h) 

 Steering Braking 

Last point to intervene  11,27 m 13,2 m 

Last moment to intervene  0,81 s 0,95 s 

 

CVNA-50-R test scenario A pedestrian running at 8 

km/h crosses from the nearside and the impact is 

predicted on the vehicle’s centreline. The steering 

manoeuvre is not able to avoid the impact for any of 

the velocities. A full braking intervention could avoid 

up to 40 km/h. 

 

CVNA10 test scenario At 40 km/h the best solution 

is to steer rather than to brake as table 15 reveals. The 

accident cannot be avoided by braking at 50 km/h 

and it is possible to avoid it by steering from 30 

km/h. 
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Table 15.  

Results for CVNA10 (test velocity=40km/h) 

 Steering Braking 

Last point to intervene  8,52 m 9 m 

Last moment to intervene  0,77 s 0,81 s 

 

CONCLUSION  

This study proposes a method to define emergency 

lane changes for accident avoidance purposes and 

obtains last-point-to steer values, for a wide range 

of velocities, by means of simulation software. 

Furthermore, last-point-to brake values are 

calculated for a range of velocities as well. These 

last-point-to intervene values aim to represent the 

limits of the application of the so-called Dynamic 

Steering Support systems (for LPTS values) and 

Autonomous Emergency Braking systems (LPTB 

values) as frontal collision avoidance systems. In 

order to determine the applicability of such 

features, Euro NCAP CCR and VRU test scenarios 

(and some other inspired on the Euro NCAP ones) 

have been used for obtaining LPTS and LPTB 

values. 

The results are summarized as follows: 

 In CCRs test scenarios the DSS system 

avoids collisions more effectively than 

AEB from 60 km/h. This threshold 

velocity decreases as the lateral offset 

among the VUT and TV increases. For 

slow moving targets such as in CCRm, the 

DSS becomes more effective at the 

highest test speed, 80 km/h and 70 km/h 

with 50% offset.  

 In CCRb test scenarios the steering 

manoeuvre resulted the optimum solution 

for a lateral offset of 50% between 

vehicles. However, in CCRb (12m, 0,2g) 

the evasive manoeuvre is less effective 

than the braking action. 

 Regarding VRU test scenarios, evasive 

manoeuvres are able to prevent accidents 

from 30 km/h (when impact expected 

before the vehicle’s centerline) and from 

20 km/h (when impact expected after the 

vehicle’s centerline). Nevertheless, 

braking is the most efficient manoeuvre 

up to 40 km/h (when impact expected 

before the vehicle’s centerline) and 50 

km/h (when impact expected after the 

vehicle’s centreline). In case of a running 

pedestrian with reduced time for reaction 

the steering manoeuvre is not suitable. 

 

As a main conclusion and based on the results, 

DSS systems could optimize the intervention at 

speeds below 60 km/h for small offset avoidances. 

For instance, impacts with lateral offset between 

the cars and with pedestrians predicted to impact 

on the vehicle’s right corner. For higher speeds 

and highway environments the braking becomes 

much less effective and an evasive manoeuvre is 

preferred.    

The steering support concept system, as introduced 

in this research, is considered to act at the latest 

possible moment while using the maximum 

capabilities within the operational limits. 

Nevertheless, a similar system could also assist 

drivers in less risky situations. For instance, in real 

driving situations the driver would steer smoothly 

and with enough time in advance to avoid a clearly 

visible pedestrian rather than to fully brake. 

Therefore, such system it is not only limited to 

imminent accident situations and could support 

drivers in all evasive related manoeuvres.  

It is necessary to highlight that reducing the 

vehicle speed when detecting a critical situation is 

always a good decision. The result of the action of 

the braking assistance system will always result in 

a mitigation of the severity of the collision 

compared to no actions from the driver. Evasive 

manoeuvres avoid the obstacle without necessarily 

reducing vehicle’s speed. In case of not avoiding 

the accident, the vehicle would collide the obstacle 

with a small or moderate overlap. Such collisions 

tend to result more destructive towards the vehicle 

body than a frontal collision with high overlap.  

This investigation has studied separately both 

systems and has considered only simulated and 

calculated results. Further research will: 

 Correlate the LPTS simulated results with 

experiment based lane changes in proving 

grounds 

 Explore the application of combined 

braking and steering in test scenarios 

 Consider Euro NCAP test protocol 2018 



Esquer 8 

 REFERENCES 

[1] Mobility and Transport, Statistics European 

Commision . (2016). “Annual Accident Report  

2016” [pdf] Available at: 

http://ec.europa.eu/transport/road_safety/sites/road

safety/files/pdf/statistics/dacota/asr2016.pdf 

[Accessed April 3, 2017] 

 
[2] Eckert, A., Hartmann, B., Sevenich, M., Rieth 

and Dr. P. R. (2011). Emergency steer and brake 

assist - A systematic approach for system 

integration of two complementary driver assistance 

systems. The 21st International Technical 

Conference on the Enhanced Safety of Vehicles 

Conference (ESV), 11-0111  

[3] PreScan © 2016 TASS International.  

[4] Euro NCAP. (2015). European new car 

assessment programme (Euro NCAP) test protocol 

– AEB CCR test protocol Version 1.1 [pdf] 

Available at: http://www.euroncap.com/es/para-

ingenieros/protocols/adult-occupant-protection/ 

[Accessed April 3, 2017] 

 

[5] Euro NCAP. (2015). European new car 

assessment programme (Euro NCAP) test protocol 

– AEB VRU test protocol Version 1.0.1 [pdf] 

Available at: http://www.euroncap.com/es/para-

ingenieros/protocols/pedestrian-protection/ 

[Accessed April 3, 2017] 

 

[6] Euro NCAP. (2015). European new car 

assessment programme (Euro NCAP) 

[7] Seiniger, P., Barlets, O., Kunert, M., Schaller, 

T. (2014). Test procedure including test target and 

misuse tests, based on test results [pdf]. AsPeCSS 

D2.5, 29. Available at: http://www.aspecss-

project.eu/userdata/file/Public%20deliverables/AS

PECSS-D2.5-FINAL-

Active%20Safety%20Results-BASt-2014-06-

12.pdf [Accessed April 3, 2017] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://ec.europa.eu/transport/road_safety/sites/roadsafety/files/pdf/statistics/dacota/asr2016.pdf
http://ec.europa.eu/transport/road_safety/sites/roadsafety/files/pdf/statistics/dacota/asr2016.pdf
http://www.euroncap.com/es/para-ingenieros/protocols/adult-occupant-protection/
http://www.euroncap.com/es/para-ingenieros/protocols/adult-occupant-protection/
http://www.euroncap.com/es/para-ingenieros/protocols/pedestrian-protection/
http://www.euroncap.com/es/para-ingenieros/protocols/pedestrian-protection/
http://www.aspecss-project.eu/userdata/file/Public%20deliverables/ASPECSS-D2.5-FINAL-Active%20Safety%20Results-BASt-2014-06-12.pdf
http://www.aspecss-project.eu/userdata/file/Public%20deliverables/ASPECSS-D2.5-FINAL-Active%20Safety%20Results-BASt-2014-06-12.pdf
http://www.aspecss-project.eu/userdata/file/Public%20deliverables/ASPECSS-D2.5-FINAL-Active%20Safety%20Results-BASt-2014-06-12.pdf
http://www.aspecss-project.eu/userdata/file/Public%20deliverables/ASPECSS-D2.5-FINAL-Active%20Safety%20Results-BASt-2014-06-12.pdf
http://www.aspecss-project.eu/userdata/file/Public%20deliverables/ASPECSS-D2.5-FINAL-Active%20Safety%20Results-BASt-2014-06-12.pdf


 

Fu 1 

BICYCLE SPEED ANALYSIS FOR ASSESSMENT OF BICYCLIST PRE-COLLISION SYSTEM 

 

Li Fu, M.S. 

Renran Tian, Ph.D. 

Lingxi Li, Ph.D. 

Yaobin Chen, Ph.D. 

Department of Electrical and Computer Engineering 

Transportation Active Safety Institute (TASI) 

Purdue School of Engineering and Technology 

Indiana University-Purdue University Indianapolis 

United States 

 

Rini Sherony, M.S. 

Collaborative Safety Research Center 

Toyota Motor Engineering & Manufacturing North America Inc. 

United Sates 

 

Paper Number 17-0395 

 

ABSTRACT 

 

Research Question/Objective: Many bicyclists were killed or 

injured when they were riding on the street because of the 

traffic crashes. To avoid or mitigate accidents, Pre-Collision 

System (PCS) is introduced to give drivers warning or make 

the car brake automatically. Analysis of the bicycle speed for 

assessment of bicyclist Pre-Collision System is critical in 

developing realistic test scenarios, which can also help design 

PCS evaluation system and improve PCS itself. In this study, 

bicycle speeds were analyzed in two scenarios including 

“along the road” and “across the road”. Furthermore, one 

special case we called “ride out” in crossing the road was 

analyzed separately because of the inconstant speed during the 

whole crossing period. All analysis results provide reference 

for developing bicyclist Pre-Collision System evaluation and 

are used by real testing scenarios in Transportation Active 

Safety Institute(TASI) lab at IUPUI. 

 

Methods and Data Sources: Bicyclist information was taken 

from TASI 110-car naturalistic driving video database which 

was collected in the metropolitan area of Indianapolis. We 

obtained GPS locations and corresponding time stamps of the 

bicyclists through an image-processing-based semi-automatic 

process for a subset of the overall database. For traveling 

along the road cases, bicyclist speed was calculated based on 

the changes in GPS locations and the corresponding traveling 

time. For crossing cases, three to five velocity values were 

achieved during the whole period. These values are proved to 

be consistent for “ride-through” crossing scenario. To best fit 

speed situation for “ride-out” scenarios, we built a speed 

model including two consecutive stages, accelerating stage 

and constant-speed traveling stage. Then the optimized 

traveling trajectory was achieved using cost function method 

in MATLAB after a two-way search when dividing the ride-

out crossing process in eight different ways.   

 

Results: Per three main scenarios of the bicycle motion, 895 

bicyclist cases were obtained randomly from the database. 

Statistics analysis results suggest 25 percentiles, mean value, 

and 75 percentiles of bicyclist traveling speeds in different 

scenarios. Especially for the ride-out scenario, the speed 

model we build quantitatively explain and predict the 

bicyclists speed.  

 

Discussion and Limitations: Comparing to other constant 

speed or mean speed scenarios, our model is more 

comprehensive considering the speed variation during the 

whole motion period. We could more accurately estimate 

bicyclists speed in different scenarios. However, due to the 

limit amount of cases, we cannot break down more detail 

scenarios such as the street conditions or weather conditions. 

In future research, we may enlarge our sample database to 

improve our model close to realistic situation more deeply. 

 

Conclusion: Studying information from TASI-110 car 

naturalistic database, we calculated bicyclist speeds in 

different situations. We specially focused on the “ride out” 

situation and analyzed the curve trend of its whole process. 

These data results were used to develop for bicyclist Pre-

Collision System evaluation scenarios. These speed data give 

a great contribution to Pre-Collision System development and 

may help other researchers for further research. 

 

INTRODUCTION 

 

According to the crash data of National Highway Traffic 

Safety Administration (NHTSA), 726 pedal-cyclists were 

killed and an estimated 49,000 were injured in the vehicle 

traffic accidents in 2012[1]. Bicyclist-PCS is in developing 

process and will play a significant role in traffic safety. 

Different from the traditional passive safety method such as 

seatbelt, airbag and so on, PCS is dedicated to detect accident 

before it happens. It is also referred as Collision Imminent 

Breaking system (CIB) or Automatic Emergency Braking 

system (AEB) [2-6]. It can give drivers warning or brake 

automatically. There are several similar systems that are 

already on the market and will increase over the next several 

years [5]. However, there is no common criteria to evaluate 

and compare the performances of different PCSs. TASI lab in 

IUPUI is conducting research on developing evaluation 

system for both pedestrian- and bicyclist- PCS [4] [7-8].  
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Analysis of the bicycle speed for assessment of bicyclist Pre-

Collision System is critical in developing realistic test 

scenarios, which can also help design PCS evaluation system 

and improve PCS itself. This paper introduces several bicycle 

speed analyses in different scenarios. All analysis results 

provide reference for developing bicyclist Pre-Collision 

System evaluation and are used by real testing scenarios in 

Transportation Active Safety Institute(TASI) lab at IUPUI. 

 

METHODOLOGY 

 

Bicyclist movement information was taken from TASI 110-car 

naturalistic driving video database which is collected in 

metropolitan area of Indianapolis from 2011 to 2012 [9-10]. In 

these 110 cars, every car was installed with facing forward 

camera which could capture forward scenario and with GPS 

tracking unit embedded to capture vehicle location and 

movement data. From the big data set, a total of 1000 bicyclist 

cases were obtained using bicyclist image recognition 

technology. Figure 1 shows the flowchart of the entire data 

processing. The input data, including the video, GPS and G-

sensor information, were first categorized based on its 

location, time, vehicle speed and weather. Based on the 

categorization, the automatic bicyclist detection was 

performed on all the raw naturalistic driving video. The 

detected results are next verified by the human operators to 

remove false detections. Videos of interest containing 

bicyclists were then generated from the verified results and 

further used for bicyclist behavior analysis.  

 

 
Figure 1. Data preparation process for bicyclist videos.  

 

Bicyclist traveling speeds were measured in these videos 

manually towards different scenarios that are categorized 

depending on different moving angels of the bicyclists. These 

scenarios were mainly divided into riding along the road and 

riding across the road. While the speed changes are small for 

most driving along the road cases, bicyclists are not always 

crossing the road with constant speeds. For example, when a 

bicyclist notices a red light or forecasts an accident will 

happen, he will slow down to avoid risk before entering the 

road. When the risk is eliminated, he will start to go across the 

street. In this situation, bicyclist should be considered as three 

states which are (1) deceleration or stop, (2) acceleration and 

(3) uniform motion. Therefore, a best fit curve was drawn to 

describe the motion process more correctly. We define this 

situation as “ride out”. Correspondently, the situation of riding 

across the street without stop or deceleration is defined as 

“ride through”. In this study, the main research focus is to 

calculate bicyclist speeds in all these different scenarios.  

 

Averaged bicyclist moving speed estimation  

Figure 2 shows the GUI (Graphical User Interface) used for 

calculating the averaged bicyclist speed. In the GUI, all the 

bicyclist video clips interested will be loaded and listed in the 

box. Then the video can be played in the player with the 

corresponding Google Earth map and Google Street View map 

shown in the GUI too. The maps are clickable with GPS 

coordinates of the selected locations automatically being 

recorded in the log file. The markers will be shown at the 

clicked locations on the map that can be dragged around on 

the map to the most appropriate locations. The GUI can 

support 45 seconds of videos in five continuous clips to show 

the complete encountering process between the vehicle and 

the bicyclist. The trained video reductionists will then: 

 
Figure 2. GUI for bicyclist speed calculation. 
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1. Pick the appearance frame in the videos; 

2. Click the vehicle location on the map for the 

appearance frame; 

3. Click the bicyclist location on the map for the 

appearance frame; 

4. Pick the end frame in the videos; 

5. Click the vehicle location on the map for the end 

frame; 

6. Click the bicyclist location on the map for the end 

frame. 

 

For each case, we obtained two GPS locations and two 

different video times to calculate traveling distance and 

traveling duration. For the bicyclist speed calculation, the 

appearance frame is not necessarily to be the first frame that 

the bicyclist is seen in the video, and the end frame may not 

always be the last frame that the bicyclist is seen in the video. 

The appearance frame and end frame are selected so that it is 

convenient to find the locations of the bicyclist and the vehicle 

on the maps.  

 

The appearance frame and the end frame will be used to 

calculate the time between the two moments, and the GPS 

coordinates of the two bicyclist locations corresponding to 

these two time-frames will be used to calculate the bicyclist 

moving distance based on the “Haversine” formula shown 

below as Equation (1).  

 

𝑑 = 2𝑟𝑠𝑖𝑛−1 ∙

√𝑠𝑖𝑛2 (
𝜑1+𝜑2

2
) + cos(𝜑1) cos(𝜑2) 𝑠𝑖𝑛2 (

𝜔1+𝜔2

2
)   (1) 

 

d is the distance between the two red marks in figure 1 

r is the radius of the sphere (r = 6371000) 

𝜑1 ,𝜑2: latitude of mark 1 and latitude of mark 2 

𝜔1, 𝜔2: longitude of mark 1 and longitude of mark 2 

 

The averaged bicyclist traveling speed can be calculated as 

traveling distance divided by traveling time.  

 

Ride-out bicyclist crossing speed calculation 

As defined in the previous section, the ride-out bicyclist speed 

estimation is not accurate when only average speed over a 

period can be calculated, considering the big speed changes 

during the three crossing phases. Thus, additional efforts are 

needed to improve the estimation of ride-out bicyclist speeds. 

To better estimate the bicyclist ride-out speed, we have 

defined six points on the road for these cases: 

1. Point 1: Bicyclist starts to ride from waiting at the 

roadside; 

2. Point 2: Bicyclist enters the road; 

3. Point 3: 25% of the whole crossing distance; 

4. Point 4: 50% of the whole crossing distance; 

5. Point 5: 75% of the whole crossing distance; 

6. Point 6: Bicyclist leaves the road. 

 

Using a similar GUI as described in Figure 2, we have focused 

on ride-out cases and clicked the map positions of these six 

points with associated time frame captured. Based on these 

data, we have calculated the bicyclist speeds at different points 

in each of the ride-out crossing cases.  

 

We can estimate averaged bicycle speed excluding “ride out” 

situation from GUI program directly. For ride out, a new 

algorithm was designed for calculating “ride out” speed. We 

simplified “ride out” process to two phases: constant 

acceleration phase and constant speed phase. These two 

consecutive phases should be connected smoothly. It means 

there is no inflection point when state changes. So “ride out” 

model is written as follows: 

 

𝑦𝑎 = 𝑎𝑥𝑎
2 + 𝑏𝑥𝑎  +  𝑐 (2) 

  

 𝑦𝑙 =  ℎ𝑥𝑙 + 𝑘 (3) 

  
𝜕𝑦𝑎

𝜕𝑥𝑎

=   𝑦𝑙 = ℎ𝑥𝑙 + 𝑘 (4) 

 

The first acceleration process is Equation (2) that is depicted 

as a parabola curve. Equation (3) describes the constant speed 

process. In order to satisfy no inflection point, Equation (4) 

was deduced by combining the equation (3) and derivative of 

equation (2). Using least square error method, 1 parabola 

curve and 1 straight line best fit the whole “ride out” process. 

Based on these six points, nine different ways were designed 

to estimate the least square error. For instance, if we use three 

points to plot parabola to best fit constant acceleration firstly, 

we use equation (4) and other three points to plot a line to best 

fit constant speed motion. Then we best fit the whole riding 

process. Other eight best fitting curves can be used the similar 

methodology. In 118 “ride out “cases, we find the least square 

error for every case. 

 

RESULTS 

 

Bicyclist speed when moving in parallel 

Table 1 shows the adult bicyclist moving speeds (m/s) when 

 

 Vehicle moving straight, changing lane, or stopped 

 Bicyclist moving away from the vehicle, towards the 

vehicle, and combined (in parallel) 

 

Table 1. 

Bicycle speed when moving in parallel (m/s) 

 

Away from 

the vehicle 

Towards the 

vehicle In Parallel 

Mean 5.59 5.57 5.59 

Max 18.26 13.41 18.26 

Min 1.33 1.82 1.33 

Median 5.41 5.1 5.32 

25% Percentile 4.04 4.11 4.06 

75% Percentile 6.9 6.96 6.94 

Sample Size 457 158 615 

 

Based on t-test results (p613=0.91), there is no significant 

difference of bicyclist moving speeds between the "away from 

the vehicle" and the "towards the vehicle" cases. The results 
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cover all the road locations, and both when the 

bicyclist moving at left and right side of the road. Fig. 3. 

shows the speed distribution of bicyclist moving along the 

road.  There are two kinds of motion along the road, away 

from the vehicle and towards the vehicle. Because t-test shows 

no difference in the bicycle moving speed between the “away 

from the vehicle” and “towards the vehicle” cases, they are 

combined as “along the road”. The average speed of all along 

the road cases is 5.6m/s.  The 25th percentile and 75th 

percentile speed distribution are 4.6m/s and 6.9m/s, 

respectively. 

 

 
Figure 3. Histogram for the bicyclist along-the-road 

moving speed (n=615). 
 

Bicyclist speed when crossing 

The following table 2 shows the adult bicyclist moving speeds 

(m/s) when  

 

 The bicyclist is crossing the street 

 Vehicle moving straight or stopped 

 

The overall cases include all the crossing cases satisfying the 

above conditions. Within the overall cases, the “ride out” 

cases and the “ride through” cases are separately calculated, 

and t-test (p278 < 0.001) shows that the bicyclist speeds for 

these two types of cases are significantly different.  

 

The ride-out and ride-through crossing speeds for the cases are 

averaged across the whole measuring periods. For the ride-out 

cases, the bicyclist speed may keep increasing during the 

crossing period, but only the averaged bicyclist speeds are 

calculated here. Please keep in mind that assuming (1) zero 

initial speed, (2) constant acceleration, and (3) measuring 

distance covered from curb to curb, the averaged bicyclist 

speed for the ride out cases will happen before the bicyclist 

reaches the middle of the road. With these assumptions, we 

can calculate the estimated constant bicyclist speed (after the 

acceleration phase) for each ride-out case using the following 

equation (5): 

 

𝑉𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = √2
2

×𝑉𝑀𝑒𝑎𝑛                                 (5) 

 

With applying equation (5), we calculated adjusted-ride-out 

speeds for all ride-out cases, also shown in table 2. We can 

find out that the adjusted-ride-out bicyclist speeds are not 

significantly different from ride-through speeds (P278 = 0.16). 

This proves that after the acceleration phase, ride-out and ride 

through bicyclists move similarly fast.  

 

Figure 4 shows the speed distribution of “ride through” cases. 

The 25th percentile, 50th percentile and 75th percentile of speed 

distributions are 4.0m/s, 5.2m/s and 6.3m/s, respectively. We 

can tell that the distribution of ride through speed is very 

similar to the distribution of along-the-road speed.  

 

 
Figure 4. Histogram for the bicyclist ride-through crossing 

speed (n=162). 
 

Ride-out bicyclist speed when Crossing 

Although the averaged crossing speeds have been calculated 

for the ride-out and ride-through cases, it is important to note 

that the averaged speeds are not good measures for ride-out 

cases considering the existing of acceleration phase. In order 

to better fit “ride out” situation, we preliminarily built and 

simplify ride out model as 2 consecutive phases, as described 

in the methodology section, equations (2) – (4). With applying 

this model, 118 ride-out cases were analyzed. Figures 5 to 7 

show fitted results for traveling distances and time for all the 

ride-out cases, corresponding the number of points 

measurable. Not all six defined points are available for all 

ride-out cases. One reason is that the data analysis was based 

on the in-car facing-forward camera videos, which have 

limited view ranges preventing from seeing some road 

Table 2. 

Bicycle speed when crossing 

 

 Average Median Maximum Minimum 25% Percentile 75% Percentile Sample Size 

Overall 4.48 4.11 11.82 1.01 3.30 5.29 300 

Ride-Out 3.50 3.35 7.29 1.01 2.82 3.99 118 

Adjusted-Ride-Out 4.95 4.73 10.31 1.43 3.98 5.64 118 

Ride-Through 5.23 4.97 11.82 2.38 3.94 6.26 162 
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locations. Another reason would be case-related. For example, 

if bicyclist is staying beside the street, point 1 and point 2 

should be the same point. In this case, we delete point 1 and 

just achieve five points.  
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Figure 5. Fitted results for six-point ride-out cases.  
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Figure 6. Fitted results for five-point ride-out cases. 
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Figure 7. Fitted results for four-point ride-out cases 

Eventually, there are 78 six-point cases shown in figure 5, 22 

five-point cases shown in figure 6, and 12 four-point cases 

shown in figure 7. Based on these data, we have calculated the 

bicyclist speeds at point 3, point 4, and point 5 for these cases. 

The results are presented in table 3. Statistical tests show that 

the speed at point 3 is significantly slower than the speeds at 

point 4 & 5. There are no significant differences between point 

4 & 5. In another word, this tells that at point 3, the bike is still 

accelerating. At point 4 and 5 the speed is relatively 

consistent. If the crash test is bike riding from right to left, the 

speed at point 3 will be more important. If the crash test is 

bike riding from left to right, the speed at point 5 is more 

relevant. 

 

Application of the bicycle speeds for PCS testing 

Relying on the calculated bicyclist speeds for all the selected 

cases, we have tried to estimate the bicyclist speeds for five 

test scenarios, shown in figure 8 with the detailed values 

shown in table 4.  

 

 
Figure 8. Bicyclist speeds estimation for five scenarios. 

 

These five test scenarios include: 

 C1: vehicle going straight and bicyclist crossing from 

right to left 

 C2: vehicle going straight and bicyclist crossing from 

left to right 

Table 3. 

Bicycle speed at different points for ride-out crossing cases 

 

 Speed at Point 3 Speed at Point 4 Speed at Point 5 

Mean(m/s) 2.95 3.77 3.85 

Min(m/s) 1.19 1.78 1.38 

Max(m/s) 6.78 7.34 7.71 

25% Percentile(m/s) 2.22 2.80 2.83 

75% Percentile(m/s) 3.45 4.16 4.63 

Number of Cases 91 86 86 
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 L: vehicle going straight and bicyclist moving along-

the-road in the same direction 

 On: vehicle going straight and bicyclist moving 

along-the-road against the vehicle moving direction 

 T3: Vehicle turning left and bicyclist moving along 

the road against the vehicle moving direction 

 

These bicyclists moving speed estimations have been used in 

the PCS tests conducted by the TASI research group. Figure 9 

and figure 10 show the real testing scenarios with the 

surrogate bicyclist along the road and crossing the road.  

Bicyclist speeds were provided by our analysis. 

 

 
Figure 9. Surrogate bicyclist crash test when moving along 

the road  

 
Figure 10. Surrogate bicyclist crash test when crossing 

road 

 

CONCLUSION 

 

Studying information from TASI-110 car naturalistic driving 

database, we deduced different bicyclist moving speeds in 

different scenarios. More detailed analyses were completed for 

ride-out cases via fitting the data into a two-phase crossing 

model. These data results have been used by TASI researchers 

to test bicyclist Pre-Collision Systems. These empirical speed 

Table 4. 

Bicyclist moving speeds for five test scenarios 

 

Scenarios Average (m/s) Average (mph) St Dev St Error 

C1 (N=39) 4.27 9.55 1.87 0.30 

C2 (N=44) 4.39 9.82 1.61 0.24 

L (N=347) 5.76 12.88 2.04 0.11 

On (N=107) 5.60 12.53 2.17 0.21 

T3 (N=12) 5.61 12.55 2.22 0.64 
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data can be used to support the development of Pre-Collision 

Systems and facilitate further research. 
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ABSTRACT 
 
The presence and performance of Advanced Driver Assistance Systems (ADAS) has increased over last years. 
Systems available on the market address also conflicts with vulnerable road users (VRUs) such as pedestrians 
and cyclists. Within the European project PROSPECT (Horizon2020, funded by the EC) improved VRU ADAS 
systems are developed and tested. However, before determining systems’ properties and starting testing, an 
up-to-date analysis of VRU crashes was needed in order to derive the most important Use Cases (detailed 
crash descriptions) the systems should address. Besides the identified Accident Scenarios (basic crash 
descriptions), this paper describes in short the method of deriving the Use Cases for car-to-cyclist crashes. 
Method 
Crashes involving one passenger car and one cyclist were investigated in several European crash databases 
looking for all injury severity levels (slight, severe and fatal). These data sources included European statistics 
from CARE, data on national level from Germany, Sweden and Hungary as well as detailed accident 
information from these three countries using GIDAS, the Volvo Cars Cyclist Accident database and Hungarian 
in-depth accident data, respectively. The most frequent accident scenarios were studied and Use Cases were 
derived considering the key aspects of these crash situations (e.g., view orientation of the cyclist and the car 
driver’s manoeuvre intention) and thus, form an appropriate basis for the development of Test Scenarios. 
Results 
Latest information on car-to-cyclist crashes in Europe was compiled including details on the related crash 
configurations, driving directions, outcome in terms of injury severity, accident location, other environmental 
aspects and driver responsibilities. The majority of car-to-cyclist crashes occurred during daylight and in clear 
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weather conditions. Car-to-cyclist crashes in which the vehicle was traveling straight and the cyclist is moving 
in line with the traffic were found to result in the greatest number of fatalities. Considering also slightly and 
seriously injured cyclists led to a different order of crash patterns according to the three considered 
European countries. Finally the paper introduced the Use Cases derived from the crash data analysis. A total 
of 29 Use Cases were derived considering the group of seriously or fatally injured cyclists and 35 Use Cases 
were derived considering the group of slightly, seriously or fatally injured cyclists. The highest ranked Use 
Case describes the collision between a car turning to the nearside and a cyclist riding on a bicycle lane 
against the usual driving direction. 
Discussion 
A unified European dataset on car-to-cyclist crash scenarios is not available as the data available in CARE is 
limited, hence national datasets had to be used for the study and further work will be required to extrapolate 
the results to a European level. Due to the large number of Use Cases, the paper shows only highest ranked 
ones. 
 
 
INTRODUCTION 
 
In 2015 in the European Union 2,0651 cyclists 
were killed in road crashes which accounts for a 
decrease by 42% since 2000, see Figure 1. Since 
2010 the number of cyclist fatalities in the EU is 
stagnating. Nearly half of these cyclists died in 
crashes involving one passenger car. 
 

 
Figure 1: Fatally injured cyclists in EU28 (years 
2000-2015; Source: CARE) 

AsPeCSS [1] showed that among car-to-cyclist 
crashes, crossing accidents with both opponents 
travelling straight were very common. Situations 
where the car hits the cyclist while turning either 
to the right or to the left were considered also to 
be of high importance. Longitudinal accidents 
with both, car and cyclist travelling in the same 
direction are quite common in the UK (and other 
EU countries), however less prominent in the 
Netherlands. AsPeCSS has also pointed out the 
following differences between cyclists and 
pedestrians crashes. First, pedestrians move 

                                                           
1 2,065 killed cyclists including latest available data from Bulgaria (2009), 
Slovakia (2010), Lithuania (2012), Ireland (2013), Sweden (2014) 

relatively slow with velocities between roughly 
3 km/h and 8 km/h, whereas bicyclists are much 
faster and often reach speeds around 25 km/h.  
Second, while in most crashes pedestrians 
contacted with their heads on the car’s bonnet or 
the lower part of the windscreen, cyclists tend to 
hit higher.   
Further, it has to be noted that a significant 
number of cyclists got injured in crashes involving 
no other crash partner or involving a crash 
partner other than a passenger car. 
 
The past decade has seen significant progress on 
active pedestrian safety, as a result of advances in 
video and radar technology. In the intelligent 
vehicle domain, this has recently culminated in 
the market introduction of first-generation active 
pedestrian safety systems, which can perform 
autonomous emergency braking (AEB-PED) in case 
of critical traffic situations. The European 
Horizon2020 project PROSPECT aims to improve 
significantly the effectiveness of active Vulnerable 
Road User (VRU) safety systems compared to 
those currently on the market. This will be 
facilitated by a better understanding of the crash 
circumstances in crashes between passenger cars 
and pedal cyclists for which adequate 
technologies will be developed. This includes the 
identification of the most relevant road traffic 
‘accident scenarios’. As an example, the accident 
scenarios from CATS [2] were defined by 
combining the orientation of the bicycle with 
respect to the car and the driving manoeuvre of 
the car and the bicycle. However, no detailed 
information about the collision situation, e.g. road 
layout or traffic regulation, was included in the 
scenario definitions. 
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In PROSPECT, the identified ‘accident scenarios’ 
were abstracted into relevant ‘target scenarios’ or 
‘use cases’, which are essential for the 
development of systems as well as for the 
evaluation of the system performance later in the 
project. 
 
 
METHOD 
 
Accident Data Sample 
Several crash databases including international, 
national and in-depth crash information have 
been analysed. The analysed databases were the 
CARE2 database (Europe), the German, Swedish 
and Hungarian national road traffic statistics, as 
well as the German In-Depth Accident Study 
(GIDAS), in-depth data from Pest county 
(Hungary) and the Volvo Cars Cyclist Accident 
Database (V_CAD) (Sweden). 
 
To achieve the greatest potential for comparison, 
the same key crash characteristics were used in 
the analysis of all databases, such as the 
limitation to two crash participants, the cyclist’s 
injury severity, accidents of latest years and basic 
descriptions of the participants’ trajectories. As 
far as possible the cyclists’ impact locations on all 
sides of a vehicle were considered, except the 
rear. 
 
Definitions 
Within PROSPECT, an ‘Accident Scenario’ is 
described by the type of road users involved in 
the accident, their movements (e.g., the moving 
direction of the cyclist relative to the vehicle) 
described by ‘accident types’ and further relevant 
contextual factors like the course of the road, 
light conditions, weather conditions and view 
obstruction. As an example, “vehicle goes 
straight, cyclist crosses from the nearside behind 
an obstruction” represents an accident scenario. 
 
The wording ‘Target Scenario’ or ‘Use Case’ is 
often used to describe scenarios that safety 
systems are intended to address. Within 
PROSPECT, ‘Target Scenarios’ are equal to ‘Use 
Cases’. They are derived from accident scenarios 
by adding more detailed information about the 
road layout, right of way, as well as manoeuvre 

                                                           
2 European centralised database on road accidents which result in death or 
injury across the EU 

intention of the driver. Crashes assigned to one 
specific ‘accident type’ can be split into several 
Use Cases.  
For example, the accident scenario “cyclist 
crossing from the right” (here further detailed by 
the accident type “342” as used in GIDAS) can be 
split into several Use Cases, see Figure 2. These 
include the situations “Car driver approaches an 
intersection with the intention to go straight with 
right of way, while cyclist is crossing from the 
right on the sidewalk in travel direction”, “Car 
driver approaches an intersection with the 
intention to go straight with the duty to “stop”, 
while cyclist is crossing (illegally) from the right on 
the sidewalk against travel direction” or “Car 
driver approaches an intersection with the 
intention to turn right, while cyclist is crossing 
(illegally) from the right on the sidewalk against 
travel direction”.  
 

 
Figure 2: Example for the derivation of Use Cases 
from Accident Types / Scenarios 

The identified Use Cases form the basis for the 
derivation of Test Scenarios and thus, will be used 
to establish requirements for improved active 
vehicle safety systems. 
 
Accident Scenarios 
Five Accident Scenarios were analysed for 
Germany, Sweden and Hungary using their 
national road traffic statistics. Due to substantial 
differences in the definitions of accident types in 
the analysed databases, accident scenarios 
needed to be defined in a rather general way to 
allow aggregation and comparison of data from 
different sources.  
 
In-depth crash datasets from the above-
mentioned countries have also been analysed 
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regarding these Accident Scenarios but, due to 
their lower representativeness, were primarily 
used for subsequent detailed crash investigations. 
 
Regarding car-to-cyclist crashes five Accident 
Scenarios were considered: (I) “Car straight on, 
Cyclist from nearside”, (II) “Car straight on, Cyclist 
from farside”, (III) “Car turns”, (IV) “Car and cyclist 
in longitudinal traffic” and (V) “Others”, see Table 
1. Note: the exemplary pictograms show straight 
roads except for accident scenario (III), but 
crashes could also occur at an intersection. 
 

Table 1: PROSPECT Cyclist Accident Scenarios 

 
 
Derivation of Use Cases 
Use Cases for car-to-cyclist crashes have been 
identified for Germany and Hungary. However, in 
PROSPECT, the priority was set on German in-
depth crash data (GIDAS) as several variable 
definitions varied too much between the 
countries considered and the Hungarian in-depth 
crash data sample was too small (N=100) and 
could not provide a comparable information level. 
Further, the focus of the Use Case analysis was set 
on urban crashes to meet project requirements. 
 
Finally, to identify the most relevant car-to-cyclist 
crash situations, a detailed analysis was 
performed in five steps based on 4,272 car-to-
cyclist accidents in urban areas using GIDAS data 
from 2000-2013. Figure 3 illustrates steps 1-3 
whereas Figure 4 shows steps 4 and 5. In GIDAS, 
the coding of accident types allowed for the 
distinction of various crash situations such as “a 
cyclist crossing the road in front of a car on a 
straight road” or “a cyclist used the bicycle path 
to cross the road in front of a car at a junction”. In 
the first analysis step only those accidents were 
considered that were coded with an accident type 

with a relative frequency of at least 1% resulting 
in 3,497 accidents. 
 

 
Figure 3: Derivation of Use Cases, steps 1-3 

In a second step, all of these accidents were 
analysed case-by-case, adding supplementary 
information about drivers’ tasks, infrastructure 
and priority regulation (n=3,171 accidents) that 
were not distinct hard-coded in GIDAS. In the next 
step of the analysis, Use Cases were identified 
that describe the crash situation based on: 

• Priority regulation; 
• Cyclist’s riding direction; 
• Driver’s manoeuvre intention; and 
• Road geometry. 

 
Then, the dataset was split in two parts. Part I 
considered car-to-cyclists crashes with “killed or 
seriously injured” (KSI) cyclists (N=515). Part II 
complemented part I by taking also slightly 
injured cyclists into account (N=2,669), i.e. 62% of 
all car-to-cyclist crashes. Both sub-datasets were 
then analysed separately for the identification of 
Use Cases. 
 

 
Figure 4: Derivation of Use Cases, steps 4-5 

In order to control for biases within the dataset, 
the identified Use Cases were projected 
(weighted) towards the German national statistics 
based on the distribution of accident types and 
injury severities. In a final step, the Use Cases 
were ranked based on their projected frequency 
(weighting for Germany) as well as the cyclist’s 
injury severity and associated socio-economic 
injury costs based on a method developed in 
ASSESS [3].  
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SELECTED RESULTS FROM CRASH DATA ANALYSIS 
 
Germany 
 
In 2014 there were 3,377 fatalities in crashes on 
German roads including 396 cyclists. While 25% of 
the fatally injured cyclists were involved in single 
cyclist crashes with no other accident 
participants, the most relevant crash opponent 
for cyclists was the passenger car (34%). Focusing 
on crashes with two participants over a four year 
period, the most relevant crash opponent for 
killed cyclists was the passenger car (42%), as can 
be seen in Figure 5.  
 

 
Figure 5: Fatally injured VRUs by crash opponent, 

Germany, 2011-2014, crashes with two 
participants 

Figure 10 provides an overview on the sum of the 
number of killed and seriously injured (KSI) 
cyclists by crash opponent and age group. It can 
be seen that cyclists aged 15 years and younger as 
well as cyclists aged 45 years and older were 
often injured.  
 
Figure 11 shows the numbers of fatally injured 
persons in 2014 by traffic participation and age 
group. It can be seen that in particular older 
cyclists suffered more often from fatally injuries 
compared to younger ones. 
 
Focusing on cyclist fatalities in crashes with a car 
per 1 million inhabitants emphasizes the 
importance of older cyclists, see Figure 6. For 
example, the fatality rate for cyclists aged 75 
years and older is 4-5 times higher than for mid-
aged cyclists around 40 years. 
 

 
Figure 6: Fatally injured cyclists per 1 million 
inhabitants of age group in car-to-cyclist crashes 
in Germany (2012-2014) 

The German accident statistics does not offer the 
same detail of accident type information for all 
federal states. An analysis of the integrity of the 
data from the years 2009-2014 showed that the 
desired information level (namely, the 3-digit 
coding of accident types also used in GIDAS) is 
provided to nearly 100% by 5 (out of 16) federal 
states (Lower Saxony, North Rhine-Westphalia, 
Rhineland Palatinate, Saxony-Anhalt and 
Saarland). According to internal studies at BASt, 
these five states represent the German accident 
occurrence quite well. Therefore, only this data 
was used for the following analysis. 
The analysis included crashes between two 
participants only (here: exactly one passenger car 
and one cyclist) and was conducted for urban and 
rural areas for the accident years 2011-2014, see 
Table 2. Consequently, the dataset included 118 
cyclist fatalities, 9,275 seriously and 60,592 
slightly injured cyclists. For KSI, Accident 
Scenarios (I) and (III) showed highest shares in 
urban areas, compared to the Accident Scenarios 
(I) – (IV) in rural areas. Regarding killed cyclists, in 
urban areas the Accident Scenario (I) was most 
frequent compared with Accident Scenario (IV) in 
rural areas.   
 
Table 2: Cyclist casualties in crashes with cars by 

Accident Scenarios, Germany, 2011-2014. Highest 
numbers for KSI and fatalities were highlighted. 
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Hungary 
 
For Hungary, data from the Hungarian Central 
Statistical Office (KSH) has been analysed. The 
number of car-to-cyclist crashes has increased by 
8% in Hungary between 2011 and 2014. The 
amount of crashes with serious injuries to the 
cyclists increased in the same time by 17%, see 
Figure 7. 
 

 
Figure 7: Number of car-to-cyclist crashes 
(Hungary, 2011-2014) 

Figure 12 shows absolute numbers of road 
fatalities by age group and traffic participation in 
Hungary in years 2011-2014. It can be seen that 
unlike other traffic participants, cyclist and 
pedestrian fatalities occurred predominantly in 
the older age groups. The most endangered cyclist 
and pedestrian age group is between 55 and 64 
years. 
  
Rural areas have been identified as being linked to 
higher cyclists’ injury severities as the impact 
speeds of the vehicles were on average highest on 
these roads.  
 
Regarding the car driver’s main fault, “priority 
rule violation” (48%, 3,777 crashes) and 
“inappropriate changing of lanes” (26%, 2,086 
crashes) in car-to-cyclist crashes were seen most 
often in Hungary, see Figure 8. 
 

 
Figure 8: Driver’s fault in car-to-cyclist crashes 
(Hungary, 2011-2014) 

In Hungary there are 10 main categories 
describing accident types, all together 87 types on 
two levels. The most frequent types of crashes 
between passenger cars and cyclists (N = 7,794) 
who got injured or killed were “collisions of 
crossing (but not turning) vehicles at 
intersections” (29%, 2,264 crashes), followed by 
“collisions of crossing and turning vehicles at 
intersections” (27%, 2,078 crashes), see Figure 9. 
 

 
Figure 9: Share of accident types of car-to-cyclist 
crashes (Hungary, 2011-2014) 

 
Sweden 
 
From 2009-2013, there were 1,489 fatalities 
recorded in the Swedish national road crash 
database STRADA. Over this five year period, 7% 
of the fatally injured were cyclists, more than 
double pedestrians (15%), and 55% car occupants. 
The majority of the car occupant fatalities (20%) 
were in the age of 18-24, see Figure 13. More 
than two-thirds (67%) of the cyclist and 
pedestrian fatalities were above 55 years. Eight 
percent for both cyclist and pedestrian fatalities 
were younger than 18 years. 
 
When crashes with fatalities and seriously injured 
traffic participants (according to the injury 
classification by the police) were considered 
together, then of the total number of casualties 
(N=16,830), 57% were car occupants, 10% were 
cyclists and 11% were pedestrians. The majority 
of KSI car occupants (25%) were in the age group 
18-24 years. Most of the KSI pedestrians were 
older than 75 (18%), while most KSI cyclists were 
in the age group 45-54 (18%), see Figure 14. 
 
The analysis of the Volvo Cars Cyclist Accident 
Database (V_CAD) comprised 311 car-to-cyclist 
crashes between years 2005-2013. Detailed injury 
information was available for 308 cyclists with a 
total of 786 injuries. Out of that, 72 cyclists 
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suffered from an injury severity of MAIS 2+. 
V_CAD’s conflict situations classification scheme 
allows for the analysis of the basic trajectories of 
cyclists and cars. A detailed description of these 
conflict situations can be found in [4] or [5].  
 
The majority of the crashes in V_CAD were 
assigned to “crashes in which the car went 
straight and the cyclist crossed from either left or 
right” (situation “SCP”) with 34% of all MAIS 2+ 
injured cyclists. “Car turned and cyclist 
approached from opposite direction” situations 
accounted for 17% of MAIS 2+ crashes. In 10% of 
the crashes with injured cyclists, the cyclist hit the 
car door that was being opened by the car driver 
or a passenger. Two out of the 72 reported 
MAIS 2+ injured cyclists were fatalities. They were 
both involved in ‘front to front’ crashes in 
Oncoming situations. 
 
A mapping of the V_CAD data to the PROSPECT 
Accident Scenarios was performed. Details on this 
mapping can be found in [4]. Car turns (III) is the 
most common type of crash (37%) followed by (II) 
Car straight on, Cyclist from farside (20%) and (V) 
Others (20%) where the latter one includes 
situations with cars standing still, dooring, and car 
reversing crashes. Scenario (I) Car straight on, 
Cyclist from nearside and (IV) Car and cyclist in 
longitudinal traffic accounted for 14% and 9%, 
respectively.  
 
 
Overall 
The highest numbers of fatalities per inhabitants 
can be observed in countries where cycling is very 
common and the bicycle is used as a daily 
transportation means such as in The Netherlands 
and in Denmark. Similar to the observation for 
pedestrians made in previous projects, see e.g. [6] 
or [7], older cyclists have the highest risk to get 
fatally injured in most countries due to their high 
vulnerability. This raised injury risk is further 
supported by knowledge about mobility habits of 
elderly. For instance, in [8] the national travel 
survey in Sweden was analysed (years 2005-2006) 
regarding exposure data by age groups. It was 
found that the number of journeys in the highest 
age groups (65 years and older) is less than 50% 
compared to any other age group. However, 
combining the last two age groups in Figure 6 
shows that people aged 65 or older suffer the 
greatest number of KSI cyclist injuries of all age 

groups, hence the rate of KSI injuries per journey 
is the highest in this age group by far. 
PROSPECT confirmed that older cyclists suffered 
higher injury severities more often than younger 
ones, male cyclists were injured more often than 
females, higher injury severities (in particular fatal 
crashes) happened more often on rural roads and 
that crashes occurred most often in fine weather 
and daylight conditions (see e.g., [4], [8] or [10]). 
 
Crash databases from Germany, Hungary and 
Sweden have been analysed regarding car-to-
cyclist crashes of recent years. The five 
considered Accident Scenarios are: (I) “Car 
straight on, Cyclist from nearside”, (II) “Car 
straight on, Cyclist from farside”, (III) “Car turns”, 
(IV) “Car and cyclist in longitudinal traffic” and (V) 
“Others”. The results are provided in Table 3. 
 
Focusing on killed and seriously injured (KSI) 
cyclists, results for Germany, Hungary and Sweden 
were similar regarding scenarios (I) and (II); 
around 42%-52% of all casualties were assigned to 
these scenarios. However, the results varied a lot 
between the considered countries for Accident 
Scenarios (III) and (IV). In particular, Hungarian 
data showed substantially more crashes of cyclists 
in longitudinal traffic compared to Germany and 
Sweden. Focusing on killed cyclists in car-to-cyclist 
crashes, it can be seen that in all countries the 
accident scenario (IV) (longitudinal traffic) had the 
greatest relative frequency of all accident 
scenarios ranging from 25-64%.  
 

Table 3: Comparison of the relative frequencies 
of the PROSPECT Accident Scenarios in Germany, 
Hungary and Sweden, built-up and non-built-up 
areas, (major deviations are highlighted in red) 
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Figure 10: Killed and seriously injured cyclists by crash opponent and age group in Germany, 2011-2014 

(single crashes or crashes with two participants involved). 

 

 
Figure 11: Fatalities in Germany 2014 by age group and traffic participation 
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Figure 12: Killed traffic participants by age and traffic participation in Hungary, 2011–2014. 

 
Figure 13: Killed traffic participants by age group in Sweden, 2009-2013. 

 
Figure 14: Killed and seriously injured traffic participants by age group in Sweden, 2009-2013. 
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RESULTS FROM USE CASES ANALYSIS 
 
GIDAS data from years 2000-2013 was used to 
derive a set of Use Cases for car-to-cyclist crashes, 
see also Section Method. This paper concentrates 
on a selection of these. A complete list of the Use 
Cases derived can be found in [11]. 
 
The GIDAS dataset was split in two parts. Part I 
considered crashes with “killed or seriously 
injured” (KSI) cyclists (N=515), resulting in 29 Use 
Cases. In Part II, crashes with slightly and seriously 
injured cyclists as well as killed cyclists (N=2,669) 
were taken into account resulting in 35 Use Cases 
covering 62% of all car-to-cyclist accidents.  
 
Figure 15 shows the ten highest ranked Use Cases 
for Part I and Part II. Use Cases ranked 1-5 are 
identical and Use Cases 6 and 7 changed their 
order. Starting with rank 8, Use Cases differed for 
both groups of the cyclists’ injury severity. 
 

 
Figure 15: Ten highest ranked Use Cases of car-
to-cyclist crashes (based on GIDAS, 2000-2013) 

From this point on, this paper focuses on results 
of Part II. 
 
Figure 16 shows the ten most relevant Use Cases 
of Part II covering about 36% of all car-to-cyclist 
crashes (based on N=4,272 crashes). It can be 
seen that some Use Cases are higher ranked than 
others although their frequency is lower. This is 
because of the method applied multiplying 
weighting factors (considering socio-economic 
costs) to the number of casualties of all injury 
severity groups (slightly, seriously and fatally 
injured). 
 

 
Figure 16: Car-to-cyclist Use Cases for urban 
areas based on German crash data (GIDAS) 
including slightly, seriously injured and killed 
cyclists (cyclist riding direction marked with red 
arrows, car’s direction with black) 

Table 4 specifies the top 5 ranked Use Cases by a 
textual description. Corresponding driving and 
collision speeds of the passenger car for each of 
these Use Cases as well as for all others were 
summarized in [11]. 
 

Table 4: Description of top 5 ranked Use Cases 
for car-to-cyclist crashes (slightly or seriously 

injured or killed cyclists) in urban areas 

Use Case 
Ranking 

Description of crash situation 

1 A passenger car travels on a minor road 
approaching a 3-arm (50%) or 4-arm 
junction (14%) intending to turn right. 
The driver does not give priority (as 
indicated by a stop or yield sign) to the 
cyclist crossing from the right, riding on 
the sidewalk/cycle lane. 

2 A passenger car is going straight. A cyclist 
crossed the road from the sidewalk/cycle 
on the right directly in front of the car. 

3 A passenger car travels on the main road 
approaching a 3- (31%) or 4-arm junction 
(31%) intending to go straight. A cyclist 
approached from the right side intending 
to cross the junction, not giving priority 
(as indicated by a yield sign) to the car. 

4 Cyclist overtook a vehicle, while door 
opening on driver’s side. 

5 A passenger car travels on a minor road 
approaching a 3- (49%) or 4-arm junction 
(7%) intending to turn right. The driver 
does not give priority (as indicated by a 
stop or yield sign) to the cyclist crossing 
from the left, riding on the sidewalk/cycle 
lane. 
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Crossing scenarios play a predominant role 
(compared to longitudinal traffic scenarios). 
Focusing on the crossing scenarios from Figure 16, 
the first three Use Cases describe crossing 
situations, in which the cyclist violated the road 
traffic regulation and was coming from the 
nearside, while Use Cases with drivers violating 
road traffic regulations rank between 5 and 10 
and involve cyclists crossing from the farside (see 
Figure 17).  
 

 
Figure 17: Drivers collided more often with 
cyclists from the nearside when the cyclist 
violated road traffic regulations or behaved 
unexpectedly 

To evaluate the interaction between the cyclist’s 
riding direction and right of way violations, those 
accidents in which the cyclists crossed from the 
farside were compared with the same situations, 
but changed priority regulations, see Figure 18. It 
was found that Use Cases had a higher relevance 
when the car driver had no right-of-way compared 
to Use Cases, in which the car driver had right-of-
way (ranked as not from high importance “NA”). 
 

 
Figure 18: Comparison of similar situations (in 
terms of cyclist’s riding direction and driver’s 
manoeuvre intention) with different right of way 
regulations   

Comparing these crashes (cyclist approached from 
farside) with those in which the cyclist 
approached from nearside, showed the opposite 
results regarding the frequency of violations 

against traffic rules and their consequences in 
terms of number of crashes. Thus, the cyclist 
neglected more often the right of way than the 
car driver.  
 
In a next step of the analysis, combinations of 
different parameters were analysed, e.g. the 
cyclist’s riding direction and manoeuvre intention. 
Figure 19 shows two situations, in which the 
driver intended to turn right at a junction without 
priority and a crossing cyclist on the sidewalk. 
 

 
Figure 19: Cyclists on the bicycle lane 

Based on the direction of the cyclist, the 
relevance for the cyclist crossing from the 
nearside (Rank 1) is higher than for the cyclist 
crossing from the farside (Rank 5). As previous 
studies have shown, see e.g. [12], drivers tend to 
focus even more on the left side when turning to 
the right. So the chances are higher to see the 
cyclist on the farside while looking for a gap. In 
addition, the authors of the present paper believe 
that drivers tend to not expect cyclists from the 
nearside who ride against the traffic direction. 
Further, the rate of obstructions for nearside 
cases is about double as high (26%) as in farside 
cases (12%). 
 
Comparing different cyclist riding directions at 
non-junction situations, similar results were 
derived, with nearside situations higher ranked 
than farside ones, see Figure 20. 
 

 
Figure 20: Cyclist appears suddenly 

Both situations were assumed to be unexpected 
for the driver, but as the driver has more time to 
react when the cyclist crosses from the farside, 
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the observed (and also weighted) frequency in the 
database was lower. In addition, the collision 
speeds are lower in the farside scenario due to 
additional time for the driver to brake. Both 
situations have a very high proportion of view 
obstructions at about 50%. 

 
The following part of the analysis focuses on the 
influence of the car driver’s manoeuvre intention. 
Figure 21 shows two situations with cyclists 
crossing from the nearside on the sidewalk with 
different manoeuvre intentions of the car drivers, 
i.e. turning right or left.  
 

 
Figure 21: Cyclist from nearside 

Though the Use Case with the driver turning right 
had the highest relevance in the database, the 
frequency of the identical situation with different 
manoeuvre intention was very low. It was 
believed that this is because of an improper 
allocation of the driver’s attention due to the 
driver’s expectation. Drivers failed to look for the 
cyclist crossing from the nearside when turning to 
the nearside. Furthermore, 26% of both situations 
included view obstructions. 
 
Figure 22 shows equivalent situations, but with 
the cyclist crossing from the left. In these 
situations, cases with drivers intending to turn 
right also had a higher relevance. It was believed 
that in right-hand traffic, car drivers turning to the 
right pay less often attention to cyclists 
approaching from the farside compared to car 
drivers turning to the left. In addition, about 25% 
of these accidents happened during dark lighting 
conditions. 
 

 
Figure 22: Cyclist from farside 

DISCUSSION 
 
A unified European dataset on car-to-cyclist 
crashes is not available as the data available in 
CARE is limited, hence national datasets had to be 
used for the study and further work will be 
required to extrapolate the results to a European 
level.  
 
As the structure of the databases was quite 
different, not all results for different countries 
could be compared directly (e.g., due to their case 
inclusion criteria, number of relevant cases, the 
level of detail and different definitions for 
parameters). Nonetheless, trends could be 
identified from the analysis. 
 
To achieve the greatest potential for comparison, 
the same key crash characteristics were used in 
the analysis of all databases, such as the 
limitation to two crash participants, the cyclist’s 
injury severity, accidents of latest years and basic 
descriptions of the participants’ trajectories. 
Limiting the analysis of crashes to two 
participants was deemed reasonable because the 
share of crashes involving VRUs with three or 
more participants is comparatively low, see e.g. 
[4]. 
 
Focusing on killed and seriously injured (KSI) 
cyclists, results for Germany, Hungary and Sweden 
were similar regarding scenarios (I) and (II); 
around 42%-52% of all casualties were assigned to 
these scenarios. However, the results varied a lot 
between the considered countries for Accident 
Scenarios (III) and (IV). In particular, Hungary 
seemed to have major issues with cyclists in 
longitudinal traffic compared to Germany and 
Sweden, which could also be caused by 
infrastructural differences. Focusing on killed 
cyclists in car-to-cyclist crashes, it can be seen 
that in all countries the accident scenario (IV) 
(longitudinal traffic) had the greatest relative 
frequency of all accident scenarios ranging from 
25-64%. This may be linked to the higher car 
impact speeds observed on rural roads. 
 
The results gained from the V_CAD database 
differ from those seen in the Swedish national 
data (STRADA) where (I) and (II) were most 
frequent, see Table 3. Apart from the slightly 
different injury severity threshold (MAIS 2+ in 
V_CAD and KSI in STRADA), one reason for this 
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could be the issue of underreporting certain types 
of accidents in the police data; see e.g., [4]. 
Another reason could be the data available to 
derive accident scenarios is rather limited in 
STRADA (seven accident types for which manual 
coding was required to transform them to 
accident scenarios [4] compared to the detailed 
conflict situation classification scheme in V_CAD) 
and different injury severity distributions. Also, 
V_CAD is focused on crashes involving Volvo cars 
while STRADA includes cars of all makes.  
 
The Accident Scenarios described in the previous 
sections could only provide a limited amount of 
information on the causation of the crashes and 
their features and this was not sufficient for 
further system development steps in PROSPECT. 
Therefore, Use Cases have been derived from 
these Accident Scenarios for car-to-cyclist 
crashes.  
 
In a first step, German traffic crash data (GIDAS) 
has solely been used for the development of 
PROSPECT’s Use Cases. This work has separately 
been published in Deliverable 3.1 [11] and the 
paper “Car-to-cyclist accidents from the car 
driver’s point of view” [13]. Use Cases of car-to-
cyclist crashes were also derived for Hungary. 
However, the Hungarian KSH database did not 
specify in greater detail the crash participants’ 
moving directions in all cases. Therefore, it was 
decided to use a detailed investigation of a 
sample of 100 crashes from Budapest and Pest 
county for the analysis of the Use Cases. But, as 
this sample was small it was not possible to apply 
the same method from [13] to the Hungarian 
dataset. Due to the different data inclusion 
criteria, it was not possible to harmonize these 
Use Cases. Nevertheless, the major conclusions 
were the same. 
 
GIDAS data was used to derive a set of Use Cases 
for car-to-cyclist crashes describing their 
causations more in detail. The most common 
contributing factor to the crashes was 
“disregarding traffic regulations”, seen for both 
cyclists and car drivers. 
 
Further results showed that the drivers’ task and 
the orientation of cyclist have an influence on the 
frequency of collisions. For example, the cyclist 
violated traffic regulations as the wrong driving 
direction on a bicycle lane was chosen to cross a 

road. Potentially, the car driver failed to watch 
out for this unexpected traffic situation, as the 
cyclist would have to approach from the other 
side, and thus, drove into the intersection area 
colliding with the cyclist. The analysis of 
Hungarian crash data confirmed that the primary 
reasons of car-to-cyclist crashes were the 
violation of traffic rules and the delay of action. 
 
The analysis of Use Cases has shown the importance 
of driving context in affecting road crashes. This 
aspect is not addressed by current state-of-the-art 
AEB systems which typically take solely technical 
parameters like velocities and distances into 
account. The results presented in this paper support 
the development of future advanced driver 
assistance systems by providing a detailed 
description of the underlying driving situation. 
 
Usually, crash databases are analysed in a 
descriptive way. However, to calculate the risks of 
getting injured or killed requires also information 
on uninjured casualties (but involved in a crash), 
information on underreporting and exposure data 
(e.g. mileage) which is rarely available. For 
instance, the large majority of single cyclist 
crashes (which also constitute the largest 
proportion of cyclist crashes in Sweden) are 
unreported by the police [4]. These are general 
issues, presumably valid for all European 
countries. 
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CONCLUSIONS 
 
Several European crash databases have been 
analysed towards crashes between passenger cars 
and cyclists. Among others, it could be shown 
that:  
• Older cyclists suffered more often from higher 

injury severities compared to younger ones;  
• Male cyclists were injured more often than 

females; 
• Higher injury severities (in particular fatal 

crashes) happened more often on rural roads; 
and 

• Crashes occurred most often in fine weather 
and daylight conditions. 

 
Five general Accident Scenarios were defined for 
car-to-cyclist crashes and it was found that in all 
three countries considered, the accident scenario 
(IV) (longitudinal traffic) had the greatest relative 
frequency of cyclist fatalities. However, 
substantial differences were found in the 
distribution of Accident Scenarios between the 
countries when killed and seriously injured (KSI) 
cyclists were considered together.  
 
For the intended improvement of active vehicle 
safety systems additional details were required 
(e.g. right of way or the layout of an intersection), 
hence further analysis was conducted to derive 
Use Cases from the Accident Scenarios. While the 
identified Use Cases (N=29) describing crashes 
with “seriously or fatally injured cyclists” differed 
from the Use Cases (N=35) describing crashes with 
“slightly, seriously or fatally injured cyclists”, the 
seven highest ranked Use Cases of both groups 
were the same. 
 
In conclusion, the task of the car driver as well as 
the cyclist’s riding direction have a huge influence 
on the relevance of car-to-cyclist collisions. The 
detailed case-by-case crash analysis provided the 
basis for manifold parameter variations in specific 
situations. This method allows the derivation of 
specific hypotheses for crash causing factors 
which, for example, could also be proven in 
driving studies. 
 
Detailed crash causation analyses for different 
countries showed that the most common 
contributing factor to the crashes was “disregarding 

traffic regulations” seen for both cyclists and car 
drivers. 
 
Differences in the data sources have posed 
serious limitations to the analysis in terms of 
available details. The harmonization of road 
accident data collection and coding (e.g. 
comparable sampling criteria and classification of 
accidents by different aspects, including accident 
types) for all EU countries is required and would 
be effective in the EU to determine road traffic 
safety priorities. 
 
 
RECOMMENDATION 
 
Historically, the first and still the most reliable 
variable for the comparison on accident situation 
between countries is the number of fatalities in 
road crashes. Comparing the number of slightly or 
seriously injured people among European 
countries yields less reliable results as such 
comparisons are affected by a large number of 
factors, including different definitions, different 
health care systems, different organizational 
issues of rescue services and alert chains, 
different organizations of police, different 
insurance-practice and -culture, different traffic 
laws and also the different definitions of injury 
severity.  Therefore, it would be important to 
have a common definition for “road traffic 
crashes” and for injury severities in order to 
remove part of the uncertainty. 
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ABSTRACT 
With GIDAS in summer 1999 a joint effort between FAT (Forschungsvereinigung Automobiltechnik or Automotive 
Industry Research Association) and BASt (Bundesanstalt für Straßenwesen or the Federal Highway Research 
Institute) started one of the largest in-depth accident data collection. Since then vehicles, objectives in road traffic 
policies etc. and following that also the accident data collection methods and research questions altered. While 
passive safety was the driving scheme in the accident data collection, accident causation, pre-crash manoeuvres 
and vehicle equipment with respect to accident avoidance technologies are crucial information to be gathered in 
modern field data collections. 

During the time since its start the two GIDAS teams in Dresden and Hannover followed the new requirements and 
developed together with their sponsors methods to integrate the new research questions into the accident data 
investigation process. The new methods were reviewed after their implementation and further optimised if 
necessary based on lessons-learned. For example the involved car drivers were asked for each possible active 
safety system whether or not it was on board, activated and gave any feedback. Today it is known that the 
majority of car drivers is not familiar with the actual equipment of the own vehicle. In addition they mostly are 
only able to say that there was any kind of feedback from the car but they are normally unable to allocate the 
system to the feedback. Following that experience the drivers are now asked for the kind of feedback (audible, 
visual, haptic) rather than the system behind the feedback. The allocation of the responsible system for the 
feedback is now based on the expert judgement of the investigator based on the interview with the driver and the 
actual vehicle equipment. 

Today GIDAS utilises psychological interviews in order to better understand the accident causation beyond legal 
implication as normally investigated by the police. The interview provides information of the movement of the 
accident involved parties for a period of 5 seconds before the initial impact in order to better understand the pre-
crash phase and to evaluate different accident avoidance technology systems within the real accident 
environment. Based on a large number of variables for active safety systems it is furthermore possible to calculate 
accident risks for vehicles with and without a specific system as soon as a sufficient number of vehicles are 
equipped.  

Although the GIDAS teams have been active in addressing future needs of accident data collection there are still 
open issues such as information of the actual performance of driver assistant systems. This would be even more 
important for self-driving vehicles. 
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INTRODUCTION 

In-depth accident research has been a key input for 
improving road safety world-wide. While originally it 
was mainly focussed on passive safety research 
questions such as injuries, injury causation and 
accident severity in combination with passive safety 
features of vehicles, consideration of accident 
avoidance has been entered into in-depth accident 
research since the introduction of advanced driver 
assistance systems. 

The German In-Depth Accident Study (GIDAS)  was 
introduced in 1999 as a joint effort of the German 
Federal Highway Research Institute (BASt, 
Bundesanstalt für Straßenwesen) and the Common 
Research Association of the German Automotive 
Industry (FAT, Forschungsvereinigung 
Automobiltechnik). Being based on the experience of 
the Accident Research Unit in Hannover, that started 
in 1973, GIDAS progressively considere active safety 
research question in its investigation schemes. 

This paper gives an overview of the GIDAS accident 
investigation scheme with focus on active safety 
features including example results. 

GIDAS – German In-Depth Accident Study 

In 1999 the German Federal Highway Research 
Institute (BASt, Bundesanstalt für Straßenwesen) 
and the Research Association of the German 
Automotive Industry (FAT, Forschungsvereinigung 
Automobiltechnik) founded in a joint effort the 
GIDAS in-depth accident collection project. GIDAS 
data are collected at the two locations Dresden and 
surrounding area in Saxony and Hannover and 
surrounding area in lower Saxony, see Figure 1. Both 
teams are collecting data according to the same 
sampling process and codebook. The study areas are 
nearly representative for Germany w.r.t. distribution 
of road types (i.e., highway, urban roads, rural roads 
etc.), accident severity and road user types.  

 
Figure 1.  Locations of the two investigation areas. 

Accidents are collected at 7 days per week in two 
alternating shifts per day. The alternating shifts are: 

• week A: 0:00 – 6:00 and 12:00 – 18:00 
• week B: 6:00 – 12:00 and 18:00 – 24:00 

Within GIDAS road traffic accidents according to the 
German rules for road trafic accidents (i.e., accidents 
on publicly accessable roads or places involving at 
least one moving vehicle) with personal injury are 
collected. The teams are directly informed by the 
police and rescue teams about every road trafic 
accident with injured victims in order to be able to 
collect the data on the spot. In case more accidents 
in the individual shifts are happening than can be 
investigated, selection of the accident to be 
investigated is done based on a random selection 
process. Following that the GIDAS sample is nearly 
representative for the individual investigation zones 
and following the representativeness of the 
investigation areas for Germany also representative 
for the German accident situation. However, small 
differences to the German accident situation that is 
caused for example by an underreorting to the 
teams of accidents with slight injuries (mainly 
because these injuries are often reported to the 
police some time after the accident) and some other 
regional speciallities are observed. Weighting factors 
can be applied to project the GIDAS data to 
Germany. 

In total approx. 2000 accidents are collected 
annually.  

The collected data comprises information regarding 
up to 3000 individual technical, medical and 
psychological items including amongst others: 

• Environmental conditions 
• Road design 
• Traffic control 
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• Accident details and cause of the accident 
• Crash information e.g. driving and collision 

speed, delta-v and EES, degree of 
deformation 

• Vehicle deformation 
• Impact contact points for passengers or 

unprotected road users such as pedestrians 
and cyclists 

• Technical vehicle data 
• Information relating to the people involved 

such as weight, height etc. 
• Information on individual injuries 

An important item is the scaled sketch of the 
accident scene that is used for the accident 
reconstruction but more and more also for 
investigations of the pre-crash phase, see below. 

The collected data is accessable for the GIDAS 
sponsors and the investigation teams  

CONSIDERATION OF ACTIVE SAFETY AND 
AUTOMATED DRIVING 

The GIDAS investigation teams in collaboration with 
the sponsors are continously updating the GIDAS 
investigation protocol in order to comply with future 
needs. These updates addresses in principle all areas 
of the investigation protocolls but with a special 
focus on accident avoidance technologies and a 
perspective towards automated vehicles. 

Type of Accident 

The first important step for consideration of active 
safety has already been done before establishing 
GIDAS by the introduction of the Type of Accident 
that describes the initial conflict causing the accident 
[1]. The Type of Accident is used with 7 categories in 
the German national accident statistics and with a 
variety of sub categories in some German states and 
in GIDAS amongst others. While in the seven main 
categories a distingtion is made for pedestrians 
crossing the road, vehicles crossing, vehicles turning 
of a road etc, in the subcetgories further information 
is coded e.g., whether or not there was a view 
blocking to the crossing pedestrian, in which 
direction the participants moved etc. 

Coding of Vehicle Configuration 

Since a variety of active safety features such as ABS, 
ESC, automated emergency braking systems, a 
diversity in vehicle lighting etc. became broadly 
available in new vehicles the actual availability of 

these systems are coded for each individual accident 
involved participant including information whether 
or not the individual systems were active and 
reacted in the individual accident. The coding of the 
availability of safety systems is based on vehicle 
inspection and VIN (Vehicle Identification Number) 
based query of vehicle data bases. Information on 
status of the systems and feedback is collected by 
interviews. 

Pre-Crash Matrix 

A very important further step was the development 
of the Pre-Crash Matrix (PCM) by the Dresden GIDAS 
team [2][3][4].  

GIDAS information initially started at the time of 
collision and was projected to the point of no return. 
However, for assessing the benefits of active safety 
systems it is necessary to go back some seconds in 
the history of the accidents in order to be able to 
check, which information was available for the 
system to be assessed, see Figure 2. For relevant 
cases with sufficient information the movements of 
the involved participants are simulated for a period 
of 5 seconds before the intial impact or leaving the 
road etc. The PCM ingredients are a digital sketch of 
the accident, including the road layout, the driving 
courses of the opponents, amongst others (Figure 3), 
the vehicle dynamics of the opponents (i.e. velocity 
in longitudinal and lateral direction, acceleration in 
longitudinal and lateral direction, global yaw angle, 
steering angles of both front wheels, etc.) and static 
information of the vehicles, such as dimensions, 
wheel base, track width etc.  

 

Figure 2.  Phases of accident events [3]. 
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Figure 3.  Phases of accident events [3]. 

Up to now the PCM data base is connected with but 
separate from the GIDAS data base. That means that 
not all organisations that have access to GIDAS have 
also access to the PCM data set. In addition not all 
GIDAS cases are included in the PCM data set. The 
selection of cases for inclusion considers the 
available input data of the GIDAS reconstruction 
(e.g., if it was not possible to assess the initial speed 
of the participants it is not possible to include the 
case for the PCM data set); the interest of the PCM 
users especially with respect to future active safety 
applications (bicycle-pedestrian accidents and 
bicycle single accidents will likely not be possible to 
address with active safety systems); simulation 
boundary conditions (e.g., it is currently impossible 
to use the data set for impacts that are outside the 
main vehicle geometry such as opened vehicle 
doors, impacts with the mirrors etc. and therefore 
the cases are not included). The current PCM data 
set includes with the release 2016-2 8,293 accidents 
with a distribution of cases according to Figure 4.  

 

Figure 4.  Case selection for the PCM data set by 
release 2016-2. 

The Pre-Crash-Matrix is also continuously improving 
in details. More details on the newest developments 
are available at [6]. 

With the accident year 2017 the PCM became part 
of the GIDAS data set with updates on the 
requirements for accuracy and information depths. 
Furthermore it is planned to develop a data format 
for the PCM that is compatible with driving 
simulators. 

Accident Causation 

Accident causes are regularly coded by the police. 
This information mainly answers the question which 
traffic rule has been offended for legal purposes. 
However, in order to understand the actual accident 
causation it is important to know why the traffic rule 
has been offended. For example the police accident 
cause for an accident of two crossing vehicles could 
be “not respecting red light”. It is expected that the 
majority of people that are not respecting red lights 
are not acting on purpose but other factors such as 
distraction, view blocking, misjudgement lead to the 
wrong behaviour. This information is also important 
for assessing the possible contribution of accident 
avoidance systems. For example a system that is 
only warning would not help for accidents that are 
caused by temporary inability to operate the vehicle 
or for people that recognised the danger but felt 
that their behaviour was correct and the other one 
was wrong. This information based on a 
phsychological interview [5] is included in the GIDAS 
data base since 2008.  

FUTURE DEVELOPMENTS 

For further apaptations of the GIDAS system for 
addressing accident avoidance systems and 
automated vehicles it is planned to distinguish 
between actions that are taken by the driver and 
actions that are taken by the car itself. This change is 
planned already for 2018.  

Furthermore it is planned to obtain access to the 
data stored in the car in order to have reliable 
information about warnings and actions of the car 
etc. 

In addition to the further developments w.r.t. active 
safety and automation GIDAS is also looking for 
increased details w.r.t. injury consequences by the 
investigation of long-term consequences [6]. 
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BASIC GIDAS ANALYSIS 

For the following analysis unweighted data is used. 
The GIDAS data set (release December 2016) 
contains in total 30533 accidents ready for analyses. 
The distribution of the accidents regarding daytime 
and location of the accident are shown in Table 1. 

Table 1. 
Distribution of GIDAS accidents concerning daytime 

and location. 

 day twilight night total 

inside 
city 
limits 

18,058 1,837 3,839 23,734 

outside 
city 
limits 

4,657 634 1,508 6,799 

total 22,715 2,471 5,347 30,533 

Traffic Participation 

In these 30,533 accidents 59,040 participants were 
involved. With 35,782 the majority of involved 
participants are passenger cars followed by bicycles, 
pedestrian and motorised two-wheelers, see Figure 
5. 

 

Figure 5.  Road user types in the GIDAS sample. 

Vehicle First Year of Registration 

Especially for passenger cars and duty vehicles the 
year of first registration is relevant for taking into 
account legal requirements for the cars and 
consumer expectations w.r.t vehicle safety. Figure 6 
shows the percentage of groups of specific first 
registrations years. The groups are built to include 
important dates (e.g., all passenger cars with year of 
first registration 2004 and later are obliged to fulfill 
UNECE regulations 94 and 95). Vehicles with year of 

first registration 2013 and later are considered to 
demonstrate the state of the art of the current fleet. 

 

Figure 6.  Year of first registration of vehicles in the 
GIDAS data base. 

Active Safety Systems Fitment 

Especially the availability of driver assistant systems 
is an important item to be considered for active 
safety evaluation. Most of the variables for analyzing 
driver assistant systems were introduced 2005. 
Therefore the analysis considers accidents since this 
year only. The fitment rate for completed accident 
files of accidents since 2005 is 41% of all involved 
passenger cars, see Table 2. The systems brake 
assistant and any kind of support for maintaining the 
lane or changing the lane were introduced in the 
marked much later than ESC, which is also visible by 
the fitment rates of 28.4% for brake assistant system 
and below 1% for the lane assistant systems. 

Table 2. 
Car fitment with specific driver assistant systems 

System Fitment percentage in 
accidents since 2005 

ESC 41.0% 
Brake assistant 28.4% 
Lane assistant systems 
including lane departure 
warning, lane keeping 
assistant etc. 

0.8% 

Type of Accident 

The most important type of accident for cyclists 
using the bicycle path is the type crossing accident. 
Here especially accidents with a vehicle that is 
crossing the road or entering it and the cyclists is 
using the nearside cycle path is common. The 
detailed type of accident is shown in Table 3. 
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Table 3. 
Most important type of accident for cyclists using 

the bicycle path 

  

12% of all bicycle 
accidents 

5% of all bicycle 
accidents 

Injuries 

Injury severity is mainly analysed using the AAAM 
AIS codes. Most of the GIDAS users are analyzing 
slightly different body regions than according to the 
AIS codebook. For example head and face are 
normally analysed as one body region. Furthermore 
the clavicle is normally considered as a part of the 
thorax. However, it is also possible to analyse the 
data according to the AIS body regions and to obtain 
an ISS. 

Table 4. 
Injured body regions all accident involved 

causalities 

Body region all injuries AIS 3+ 
head including face 13,501 

(17.8%) 
956 

(1.3%) 
neck including cervical 
spine 

10,795 
(14.2%) 

201 
(0.3%) 

thorax including 
clavicle and thoracic 
spine 

11,647 
(15.4%) 

1,075 
(1.4%) 

arms 13,672 
(18.0%) 

62 
(0.1%) 

abdomen 3,105 
(4.1%) 

269 
0.4%) 

pelvis 3,468 
(4.6%) 

205 
(0.3%) 

legs 15,883 
(20.9%) 

1,023 
(1.3%) 

Table 4 shows the distribution of injuries for the 
different body regions for all included causalities. 
Legs, arms and head are injured most often. When 
looking at AIS 3+ injuries only thorax, arms and head 

are the most often injured body regions. For this 
analysis it is important to consider, that vehicle 
occupants remain often uninjured, e.g., in accidents 
with pedestrians and cyclists. Therefore the number 
of injured causalities is relatively low when 
considering all accidents. 

When looking at car occupants only, neck, head and 
arms are injured most often, see Table 5. For AIS 3+ 
injuries the body regions thorax, head and legs 
sustain most often severe injuries. 

Table 5. 
Injured body regions car occupants 

Body region all injuries AIS 3+ 
head including face 6,366 

(12.5%) 
372 

(0.7%) 
neck including cervical 
spine 

9,043 
(17.8%) 

107 
(0.2%) 

thorax including 
clavicle and thoracic 
spine 

6,723 
(13.2%) 

531 
(1.0%) 

arms 4,741 
(9.3%) 

19 
(0.0%) 

abdomen 1,705 
(3.4%) 

148 
0.3%) 

pelvis 1,108 
(2.0%) 

85 
(0.2%) 

legs 4,194 
(8.3%) 

296 
(0.6%) 

Following the sample criteria most of the 
pedestrians in the GIDAS data base are injured. 
Following that percentages of injuries to the specific 
body regions are higher for pedestrians than for car 
occupants (Table 5). Legs, head and arms are the 
body regions sustaining most often injuries. Severe 
injuries are located at legs, head and thorax. 
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Table 6. 
Injured body regions pedestrians 

Body region all injuries AIS 3+ 
head including face 1,932 

(46.8%) 
219 

(5.3%) 
neck including 
cervical spine 

236 
(5.7%) 

29 
(0.7%) 

thorax including 
clavicle and 
thoracic spine 

874 
(21.2%) 

190 
(4.6%) 

arms 1,588 
(38.4%) 

14 
(0.3%) 

abdomen 346 
(8.4%) 

14 
0.3%) 

pelvis 614 
(14.9%) 

64 
(1.5%) 

legs 2,451 
(59.3%) 

255 
(6.2%) 

Accident Causation 

Looking at the accident causation factors they are 
different for different road user types, Figure 7. 
While for car drivers a wrong focus of attention 
(recognition error) or wrong assessment of other 
road users or the own vehicle (assessment error) 
lead to the majority of accidents for truck driver 
view obstructions (information access) and a wrong 
focus of attention are the main reasons. For users of 
motorized two-wheelers wrong assessment of the 
own vehicle (assessment error) and speeding 
(planning error) are important contributing factors. 
Cyclists are often expecting other road users to 
recognize them and prevent the accident 
(assessment errors) and are using wrong parts of the 
road (planning errors). For pedestrians wrong focus 
of attention (recognition error) distraction 
(observation error) and view blocking by parked 
vehicles etc. (information access) have a major 
influence on accident occurrence. 

 

Figure 7.  Human accident causes since 2011. 

A selection of recent publications based on GIDAS is 
given by [8] - [13]. 

CONCLUSIONS 

The GIDAS data base is a valuable instrument for 
analysing passive and more and more also active 
safety features of vehicles and infrastructure. The 
sponsors and the investigation teams are active in 
keeping the investigation frame up to date and to 
consider future needs for accident and safety 
research. Recent development and future plans 
consider vehicle dynamics, automated systems, 
phycology and a better understanding of 
consequences of accidents. 
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ABSTRACT 
 
A reduction of around 48% of all road fatalities was achieved in Europe in the past years including a reduced 
number of fatalities with an older age. However, among all road fatalities, the proportion of elderly is 
steadily increasing. In an ageing society, the European (Horizon2020) project SENIORS aims to improve the 
safe mobility of older road users, who have different transportation habits compared to other age groups. To 
increase their level of safe mobility by determining appropriate requirements for vehicle safety systems, the 
characteristics of current road traffic collisions involving the elderly and the injuries that they sustain need to 
be understood in detail.  
Hereby, the paper focuses on their traffic participation as pedestrian, cyclist or passenger car occupant. 
Following a literature review, several national and international crash databases and hospital statistics have 
been analysed to determine the body regions most frequently and severely injured, specific injuries 
sustained and types of crashes involved, always comparing older road users (65 years and more) with mid-
aged road users (25-64 years). The most important crash scenarios were highlighted.  
The data sources included European statistics from CARE, data on national level from Germany, Sweden, 
Italy, United Kingdom and Spain as well as in-depth crash information from GIDAS (Germany), RAIDS (UK), 
CIREN and NASS-CDS (US). In addition, familiar hospital data from Germany (TraumaRegister DGU®), Italy 
(Italian Register of Acute Traumas) and UK hospital statistics (TARN) were included in the study to gain 
further insight into specific injury patterns. 
Comprehensive data analyses were performed showing injury patterns of older road users in crashes. When 
comparing with mid-aged road users, all databases showed that the thorax body region is of particularly high 
importance for the older car occupant with injury severities of AIS 2 or AIS 3+, whereas the body regions 
lower extremities, head and thorax need to be considered for the older pedestrians and cyclists. Besides 
these comparisons, the most frequent and severe top 5 injuries were highlighted per road user group. 
Further, the most important crash configurations were identified and injury risk functions are provided per 
age group and road user group. 
Although several databases have been analysed, the picture on the road safety situation of older road users 
in Europe was not complete, as only Western European data was available. The linkage between crash data 
and hospital data could only be made on a general level as their inclusion criteria were quite different. 
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INTRODUCTION 
 
The SENIORS (Safety ENhanced Innovations for 
Older Road userS) project (funded by the 
European Commission) aims to improve the safe 
mobility of the elderly, and persons who are 
overweight, using an integrated approach that 
covers the main modes of transport as well as the 
specific requirements of this vulnerable road user 
group. This paper provides selected results from 
the crash and hospital data analyses. More details 
can be found in [1]. 
 
The DaCoTA project found that the risk of being 
killed in a crash was higher for the elderly than for 
the mid-aged in most of the EU-24 countries 
based on CARE1 data from 2010 [2]. Further, 
almost two-thirds of elderly fatalities in EU-24 
were men. Women made up a higher proportion 
of fatalities among the elderly (36%) than within 
the whole population (24%). The age group 75-84 
was shown to have the highest fatality rate while 
the 65-74 group had the lowest. These differences 
were put down to reduced personal mobility with 
increasing age and the higher frailty of elderly 
persons. 38% of elderly fatalities were pedestrians 
in the EU-24 countries. Among the larger 
countries, the percentage of elderly fatalities who 
were pedestrians was greatest in Romania (62%) 
and least in the Netherlands (14%). Conversely, 
the proportion of elderly fatalities who were car 
drivers ranged between 6% in Romania and 50% 
in Ireland. Compared to mid-aged fatalities, there 
were less elderly fatalities on motorways and on 
rural roads, but more on urban roads. The 
national distributions varied greatly between the 
member states. 
 
The aim of CONSOL was to promote and ensure 
safe mobility for ageing European populations as 
well investigating the mobility needs and safety 
issues for these groups. It was concluded that in 
the future, older persons will be more mobile and 
car-reliant. In terms of safety, the major hazard to 
older road users relates to those that are less 
protected - pedestrians and cyclists [3].  
 
The COVER project [4] found that older occupants 
receive more often thoracic injuries than younger 
ones. In the data approximately 50% of the 17 to 

                                                           
1 European centralised database on road accidents which result in death or 
injury across the EU 

25 year olds had no torso injury compared with 
33% of the 46 to 65 year olds. From 66 years and 
older, the percentage of occupants with no injury 
to the wider thorax remained at about 31%, but 
the proportion of MAIS 2 and MAIS 3+ torso 
injuries increased. Another view was that young 
occupants tended to receive skeletal injuries less 
frequently than the older occupant groups. 
Further, older persons showed more skeletal 
injuries associated with internal injuries rather 
than younger persons who often have internal 
injuries without rib fractures. It was also noted 
that younger occupants tended to receive either 
an abdomen injury alone or a lung injury alone. 
The crash data analyses also showed that younger 
occupants did not receive any rib injury in 
isolation and younger ones sustained AIS 3+ lung 
injuries without a series of rib fractures. 
 
Elderly drivers’ collisions were found to more 
often occur in daylight, on weekdays and on roads 
that are not affected by snow or ice compared to 
other drivers, Breker et al. [5]. Accidents reflect 
exposure: elderly choose the time and condition 
when driving is less trying. 
 
The most common collision type among older 
drivers was found to be at intersections, a 
situation where fast processing of information 
and quick reactions is needed. The typical 
intersection collision is an older driver making a 
left turn, crossing an on-coming vehicle in the 
opposite direction, Levin et al. [6]. In fatal crashes 
at intersections where the crash severity was 
within survivable limits, senior occupants were 
found to be overrepresented, Sunnevång et al. 
[7]. Other common accident types were: 
 
• Collisions with pedestrians crossing the street 

on a straight piece of road; 
• Collisions when vehicles make a left turn onto 

main road and cross the opposite lane; 
• Collisions at three-way intersections; and 
• Collisions when an intersection is regulated 

with a give way sign. 
 
Many of the collisions occurred on dry roads in 
good visibility conditions. In addition, older 
drivers were also less likely to be involved in rear 
impact incidents. Older drivers seem to be 
involved in accidents in which traffic signs had to 
be read and followed. 
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A study of frontal impact crashes in Europe from 
Carroll [8] found that for front seat passengers 
most serious injuries were to the chest and these 
were mainly sustained by older women in low 
severity crashes. Older occupants (over 52 years 
of age) were 3.7 times more likely to receive an 
AIS 2+ torso injury, and 2.8 times more likely to 
receive an AIS 3+ torso injury than younger 
occupants (12 to 52 years).  
 
Rib and sternum fractures are similar in elderly 
occupants injured in motor vehicle crashes 
whether they are 65 or 85 years old. The three 
most common chest injuries of the elderly victims 
were rib fractures (24%), flail chest (10%), and 
sternum fractures (6%), Yee et al. [9]. 
 
Kent et al. found that seniors tend to die from 
chest injuries while young people tend to die from 
head injuries [10]. According to another study by 
Kent [11] seniors admitted to a hospital after a 
crash may die from only a few rib fractures. The 
rib and sternum fractures in older occupants in 
frontal crashes were found to often be caused by 
safety belts, Bansal et al. [12]. 
 
Otte and Wiese compared injury rates for elderly 
versus young car drivers wearing a seatbelt in 
road traffic crashes (GIDAS, years 1999-2009) 
[13]. Several conclusions have been made towards 
older car drivers (50 years and older) comparing 
to young drivers (17-30 years) such as: 
• They are not injured more frequently in the 

case of a crash; and don’t suffer from a higher 
injury severity statistically; 

• They suffer less often from head injuries; but 
have more trauma injuries of the thorax and 
legs, especially above a delta-v of 50 km/h; 

• Their legs show a seven times higher risk of 
AIS 2+ injury; 

• Their risk of cervical spine injuries is low; 
• They suffer more often from rib fractures; 
• Age, vehicle mass, delta-v and deformations 

influence significantly the injury severity; 
• Body height and Body-Mass-Index do not show 

any influence. 
 
SENIORS complemented existing knowledge with 
hospital data analyses to obtain a more complete 
sample of injuries. This allowed checking that the 
smaller sample in collision databases is 
representative at the injury level. 

METHOD 
 
Databases and Accident Data Query 
Collated European, national and in-depth crash 
databases of latest years as well as hospital 
statistics have been analysed towards injured car 
occupants, pedestrians and cyclists. Table 3 lists 
the analysed datasets, their country of origin and 
specifies their types. Detailed descriptions of each 
database can be found in [1]. 
 
The analysis was divided into three major steps. 
First, the international and national crash datasets 
were used to provide a broader overview on the 
injury distributions for different age groups and 
the road traffic participants “car occupants”, 
“pedestrians” and “cyclists”. Second, the aim of 
the in-depth crash dataset analysis was to identify 
crash scenarios, their characteristics including 
injury probability functions and most critical 
injury levels per body region and road user type. 
Third, hospital statistics have been analysed to 
complement the information gained by additional 
cases and listing of most frequent single injuries. 
Injuries were described using the common injury 
severity classifications “slightly”, “seriously” and 
“fatally” injured (according to country-specific 
definitions) as well as the detailed AIS coding. 
Hereby, “MAIS” describes the maximum AIS coded 
per person and “mAIS” the maximum AIS coded 
per body region. 
 
As the focus of the detailed study was on older 
road users (65 years and older), a reference group 
was defined as “mid-aged” adults (25-64 years). 
Younger road users were also included in the 
analysis; however, this group was not considered 
for direct comparisons due to their specific 
behaviour patterns in road traffic and 
biomechanical properties.  
 
Car occupants 
The filter criteria for the first analysis step were: 

1) All types of crash opponents; 
2) Cars manufactured in 2005 or later; 
3) Belted occupants only; and 
4) Known sex and age of occupants. 

 
The second analysis step used in-depth crash data 
sets to describe differences in injury levels for 
different seating positions and frequent injuries. 
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Pedestrians and Cyclists 
The filter criteria for the first analysis step were: 

1) Crash opponent had to be one passenger 
car manufactured in 2006 or later; 

2) Known sex and age of occupants. 
 
The car’s manufacturing year 2006 was chosen as 
it was required then for all new types of 
passenger cars to fulfil the pedestrian protection 
demands set by the type approval EC directive 
2003/102. 
 
It has to be noted that the above-mentioned 
filters could not be applied to all databases. Also, 
this paper focuses on selected key results. Further 
findings can be found in [1]. 
 
Injury risk functions 
To specify the probability of sustaining a certain 
injury severity (expressed as AIS level) the Probit 
regression (or probit model) was applied using R 
[14] and the MASS package (function “polr”, “Hess 
matrix = TRUE”). This model uses the inverse 
standard normal distribution of the probability as 
a linear combination of the predictors. 
 
 
GENERAL FINDINGS OF CRASH ANALYSIS 
 
The analysis of the collated European and high 
level national crash datasets confirmed largely 
earlier findings from the literature. For example, 
the data consistently demonstrated a higher risk 
of serious and fatal injury for older car occupants 
and external road users. Cyclist injuries were 
heavily biased towards males, while injuries to 
older pedestrians were strongly biased towards 
females. 
 
Europe 
Crash data on a European level is collated in 
databases such as CARE and IRTAD2 and was 
analysed in SENIORS.  
Figure 1 shows the injury distributions for 
different age groups and road user types in all 
kinds of road traffic crashes. Overall, it can be 
seen that the injury severity increases with age. 
Highest absolute numbers for seriously injured 
casualties and also fatalities were found for car 
occupants. For cyclists, a higher share (nearly 

                                                           
2 International Road Traffic and Accident Database 

factor 2) of male casualties was found. In 
contrast, an increasing share of female casualties 
and their injury severity by age were found for 
pedestrians. 
 

 
Figure 1: Injury severity distributions in the EU28 
countries by age group and road user type, Source: 
IRTAD and CARE, year 2014, including latest 
available data from Bulgaria (2009), Greece (2013), 
Ireland (2013), Malta 2010, Poland 2013,  Slovakia 
(2010), Slovenia 2013) and Sweden (2014). 

 
Italy 
In Italy the accident statistics and the related 
database are run by the Central Institute of 
Statistics (ISTAT). Figure 2 shows the distribution 
of the recorded injury severities for car 
occupants, pedestrians and cyclists. 
 

 
Figure 2: Injury severity distributions in Italy by age 
group and road user type, ACI-ISTAT, 2008 - 2014 

Car occupants 
Overall, it can be seen that the injury severity 
increased slightly with age and female casualties 
made up around 47% of the dataset. Male 
casualties above 65 years recorded highest shares 
of serious or fatal injuries compared to any other 
age group or females.  
 
Pedal cyclists 
The number of male cyclist casualties was nearly 
twice as high as for females. Above the age of 50 
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years a considerable increase of the injury 
severity was recorded, in particular for males. 
 
Pedestrians 
Female pedestrians made up around 54% of the 
casualties. Above the age of 25 years a 
considerable increase of the injury severity was 
recorded; however, for both males and females. 
 
Spain 
National crash data from the Direción General de 
Transito (DGT) was analysed. Figure 3 shows the 
distribution of the recorded injury severities for 
car occupants, pedestrians and cyclists. 
 

 
Figure 3: Injury severity distributions in Spain by 
age group and road user type, DGT, 2011-2013 

Car occupants  
The percentage of serious or fatal injuries 
increased slightly with age (except for young men 
between 18 and 24 years). The age group of 65-74 
years showed the highest ratio of severe and 
fatally injured casualties. Older females suffered 
slightly more frequently from a serious or fatal 
injury outcome than males of this age group. 
 
Pedal cyclists 
It was found that the injury severity increased 
with age. However, cyclists of the age group 75 
years and older showed less often severe injury 
outcomes. For these persons it was assumed that 
they are using less often a bicycle and if, they do, 
behave less dangerously.  
 
Pedestrians 
It was seen that the injury severity increased 
slightly with age. Whereas male children suffer 
more frequent from a higher injury severity than 
females, after the age of 50 years women showed 
more often serious or fatal injuries than men. 
 
 

DETAILED FINDINGS CAR OCCUPANTS 
 
Car occupants accounted for the largest group in 
the selected datasets of each database. In general 
the injury level of car occupants is lower than the 
injury level of pedestrians or cyclists. The largest 
number of injuries for car occupants was at AIS 1. 
 
Body regions 
The thorax was identified as the most critical body 
region for car occupants. The thorax showed the 
highest share of AIS 3+ injuries of all body regions; 
see exemplarily results from Sweden in Figure 4. 
This is the case for the mid-aged (25-64) and for 
the elderly group (65+). 
  

 
Figure 4: Car occupants – Injury severity per body 
region and age group, STRADA, N = 49,125 (note: 
each column sums up to 100%, not shown shares 
account for AIS 0) 

The analysis of all other data sources supported 
the selection of the body region thorax as most 
critical for car occupants, see Table 8. Although on 
a low level, GIDAS showed the highest numbers 
for AIS 2 and AIS 3+ injuries of older car occupants 
in the thorax compared to other body regions. 
Similar to this, RAIDS data confirmed the 
importance of the thorax. An especially high share 
of AIS 1, AIS 2 and AIS 3+ thorax injuries was 
found in IGLAD compared to other body regions. 
 
Other body regions across all databases were not 
showing such high values as observed by the 
thorax injury data. However, based on the figures 
above a ranking of most affected mAIS 2+ and 
mAIS 3+ injured body regions of car occupants 
could be made by comparing their relative risks 
seen in the available datasets leading to similar 
results for the different age groups, see Table 1. 
 



Wisch et al.    6 
 

Table 1: Ranking of most affected mAIS 2+ / 
mAIS 3+ injured body regions of car occupants 

 All (25+ years) Older  Mid-aged 
mAIS 2+ 

1. Thorax Thorax Thorax 
2. Upper Extr. Upper Extr. Upper Extr. 
3. Lower Extr. Lower Extr. Head 

mAIS 3+ 
1. Thorax Thorax Thorax 
2. Head Head  Head 
3. Lower Extr. Lower Extr. Lower Extr. 

 
The parameter “principle direction of force” 
(PDOF) was used to compare injury outcomes for 
frontal, side and rear crashes. As the thorax was 
identified as being most important, the injury 
level of this body region was compared for the 
car’s impact direction and age group, see Table 9 
for GIDAS results. Overall, it was found that car 
occupants in modern cars suffered most often 
from AIS 1 and less often from AIS 2+ injuries to 
the thorax. The frontal crash still dominated the 
crash occurrence followed by side crashes. In the 
respective analysis no AIS 2+ injury to the thorax 
was found for casualties involved in rear crashes.  
 
Injury risk 
The probability for car occupants for sustaining an 
injury of MAIS 1 or MAIS 2+ or being uninjured 
over the collision speed is shown in Figure 5. The 
presented curves were based on GIDAS data as 
described before for frontal collisions. It can be 
seen that the likelihood of older car occupants 
sitting in cars manufactured in 2005 or later and 
suffering from MAIS 2+ injuries in frontal car 
collisions is much higher than for mid-aged ones. 
 

 
Figure 5: Probability of the overall injury severity 
(MAIS) over the car’s collision speed for mid-aged 
and older car occupants in frontal collisions, 
GIDAS, cars manufactured in 2005 or later 

Further, the probit model was applied to the 
thorax region, see Figure 6. Similar to the overall 
injury severity (MAIS) the probability of a thorax 
mAIS 2+ injury increases noticeably by higher 
delta-v values and for older than for mid-aged car 
occupants. For example, for a delta-v of 60 km/h 
the probability of a thorax AIS 2+ injury was found 
as being around 35 percentage points higher for 
older compared to mid-aged car occupants. 
 

 
Figure 6: Probability of thorax injury severity 
(mAIS) over delta-v for mid-aged and older car 
occupants in frontal collisions, GIDAS, cars 
manufactured in 2005 or later 

 
Hospital data analysis 
The TraumaRegister DGU® collects data on every 
patient admitted to the emergency room of a 
participating hospital who was in need of 
intensive care. Regarding “car occupants”, it 
needs to be noted that this group might also 
include truck drivers. Further, casualties who got 
killed at the crash scene were not part of this 
dataset. Due to the inclusion criteria the dataset 
had a strong bias towards serious injuries. Overall, 
13,665 male and 7,425 female car occupants were 
analysed. Besides the fact that more male persons 
were recorded than female (in particular in the 
age groups 18-24 and 25-49 years), older males 
also suffered more often from fatal injuries. The 
body regions most often seriously affected were: 
Thorax, followed by the head, lower extremities, 
abdomen and the pelvis, see Figure 7. 
 
The TraumaRegister DGU® database offers the 
possibility for analysing the recorded injuries per 
casualty. However, a comparison to other 
databases is difficult because an aggregated set of 
injuries is used (based on the specific purposes of 
the TraumaRegister DGU®, not for collision 
analysis) ending up with 420 AIS coded injuries 
instead of ~2,400 injuries in the AIS dictionary. 
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Figure 7: Car occupants – Injury severity per body 
region and age group, TraumaRegister DGU®, 
N = 21,090 (note: each column sums up to 100%, 
not shown shares account for AIS 0) 

Considering this limitation, the top 5 injuries of 
car(/truck) occupants could be analysed by listing 
all injuries in the dataset and determining the 
share of each single injury to all injuries of the 
specified age group. This resulted in the ranking 
of injuries listed in Table 2. Overall, thorax injuries 
(with three or more ribs broken) were most 
prominent. Whereas skeletal injuries of the femur 
followed for mid-aged car occupants, the older 
casualty suffered more often from other injuries 
to the thorax region. However, the spine was also 
often affected (vertebra fracture). 
 

Table 2: TraumaRegister DGU® - top 5 injuries of 
older car occupants (* of all injuries of this age 

group) 

AIS Injuries n* %*
450203.3 thorax, fracture, ≥ 3 ribs 1,278 6.9
450804.2 thorax, sternum, fracture 937 5.1
441411.3 thorax, lung, contusion, 

bilateral, minor, < 1 lobe 
579 3.1

853000.3 leg, skeletal Injury, femur 552 3.0
650616.2 spine, vertebra fracture 

(with no cord involvement) 
549 3.0

 
The TARN (Trauma Audit and Research Network) 
database includes patient information from 
participating Trauma centres (hospitals) in 
England and Wales.  
 
Figure 8 shows a comparison between mid-aged 
and older car occupants regarding their injury 
severities for different body regions. The most 
affected body regions were the thorax, followed 
by the lower extremities and the head. The pelvis 
region and the upper extremities stand out for 
their high AIS 2 injury share. According to this 

analysis, differences in the injury severity by body 
region between younger and older car occupants 
were rather marginal. Note: this was expected as 
the dataset contained mostly MAIS 3+ casualties. 
 

 
Figure 8: Car occupants – Injury severity per body 
region and age group, TARN, N = 16,014 (note: 
each column sums up to 100%, not shown shares 
account for AIS 0) 

In contrast to many other hospital statistics TARN 
also allows for a distinction to the different 
seating positions within a passenger car, i.e. it was 
possible to distinguish between drivers, front seat 
passengers and rear seat passengers. Whereas the 
picture for car drivers is very similar to the one for 
all car occupants, as shown in Figure 8, there were 
a few differences seen for front seat passengers 
and rear seat passengers. In particular the share 
of AIS 2 thorax injuries was around 10 percentage 
points higher for occupants sitting in the front 
than on the rear seats. However, head injuries 
were seen more often (~5%) for rear sitting 
persons compared to the front. 
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DETAILED FINDINGS FOR CYCLISTS 
 
Cyclists constituted to a rather small group in the 
selected data sets of each database (except 
GIDAS). For example the RAIDS dataset showed 
only 75 cyclists in total (female + male). 
 
Body regions 
The injury distribution of cyclists in crashes with 
cars per body region and age group from GIDAS is 
shown in Figure 9. Most mAIS 2 and mAIS 3+ 
injuries have been found for the head, thorax and 
the lower extremities. Especially for the elderly 
group these body regions showed high shares. 
 

 
Figure 9: Injury distribution of cyclists in crashes 
with cars per body region and age group, GIDAS, 
N = 916 (note: each column sums up to 100%, not 
shown shares account for AIS 0) 

The analysis of STRADA, RAIDS and IGLAD 
confirmed the findings from GIDAS, see Table 10. 
However, various deviations of the injury 
severities and the distributions between the body 
regions were found in these databases. For 
example, a high proportion of AIS 2+ Upper 
Extremity injuries has been identified in STRADA. 
 
Based on these figures rankings of most affected 
mAIS 2+ and mAIS 3+ injured body regions of 
cyclists were determined for the different age 
groups, see Table 3.  
 
Injury risk 
The probability for cyclists sustaining an injury of 
MAIS 1 or MAIS 2+ over the passenger car’s 
collision speed is shown in Figure 10. The 
presented curves were based on GIDAS data 
including solely injured cyclists. It can be seen 
that the likelihood of older cyclists hitting a car’s 
front (car manufactured in 2006 or later) and 
suffering from MAIS 2+ injuries is considerably 
higher than for mid-aged cyclists. 

 
Table 3: Ranking of most affected mAIS 2+ / 

mAIS 3+ injured body regions of cyclists 

 All (25+ years) Older  Mid-aged 
mAIS 2+ 

1. Thorax Thorax Upper Extr. 
2. Upper Extr. Upper Extr. Lower Extr. 
3. Lower extr. Lower extr. Head 

mAIS 3+ 
1. Head Head Thorax 
2. Thorax Thorax Head 
3. Lower Extr. Lower Extr. Lower Extr. 

 
 
 

 
Figure 10: Probability of the overall injury 
severity (MAIS) for mid-aged and older cyclists in 
collisions with car fronts, GIDAS, cars 
manufactured in 2006 or later 

 
Hospital data analysis 
The Italian Acute Trauma Registry (RITG) contains 
files from trauma patients (ISS>15) admitted to 
emergency care units after a road accident. In the 
available dataset 401 cyclists were included. 
Around 85% of them were male. 
 
Figure 11 shows a comparison between mid-aged 
and older cyclists regarding their injury severities 
for different body regions. The most affected 
body regions were the head, followed by thorax 
and the pelvis + lower extremities (note: no 
further distinction was possible). According to this 
analysis, older cyclists suffered more often from 
AIS 3+ injuries to the head, thorax and to the 
pelvis + lower extremities region compared to 
mid-aged cyclists. Among these cyclists, head 
trauma was observed in 39 of the 47 observed 
deaths (83%), with many of them that have been 
reported also concomitant thorax trauma (60%) 
and pelvis or lower extremities injuries (45%). 
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Figure 11: Cyclists – Injury severity per body 
region and age group, RITG, N = 401 (note: each 
column sums up to 100%, not shown shares 
account for AIS 0) 

The TraumaRegister DGU® database was analysed 
towards the top 5 injuries of cyclists in road traffic 
crashes by listing all injuries in the dataset and 
determining the share of each single injury to all 
injuries of the specified age group. This resulted in 
the ranking of injuries listed in Table 4. Overall, 
thorax injuries (with three or more ribs broken) 
were most prominent followed by severe head 
injuries with a similar share. However, a 
subarachnoid haemorrhage of the cerebrum was 
more often recorded for older cyclists than for 
younger ones. Data showed also that severe 
injuries to the head replaced the importance of 
serious clavicle injuries for older cyclists. 
 

Table 4: TraumaRegister DGU® - top 5 injuries of 
older cyclists (* of all injuries of this age group) 

AIS Injuries n* %*
450203.3 thorax, fracture, ≥ 3 ribs 558 4.4
140693.2 head, cerebrum, 

subarachnoid haemorrhage 
538 4.3

150200.3 head, skeletal injury, base 
(basilar) fracture (incl. 
orbital roof) 

441 3.5

150402.2 head, skeletal injury, vault 
fracture, closed 

408 3.2

750500.2 arm, skeletal Injury, clavicle 364 2.9
 
 
 
 
 
 
 
 
 
 

DETAILED FINDINGS FOR PEDESTRIANS 
 
Body regions 
Pedestrians showed higher shares of AIS 3+ 
injuries within each body region compared to car 
occupants and cyclists. According to GIDAS 
(N=360), the head, thorax and lower extremities 
were identified having most frequently AIS 2 and 
AIS 3+ injuries for older pedestrians in crashes 
with modern cars. The analysis of RAIDS (N=739) 
showed similar findings, see Figure 12.  
 

 
Figure 12: Injury distribution of pedestrians in 
crashes with cars per body region and age group, 
RAIDS, N = 739 (note: each column sums up to 
100%, not shown shares account for AIS 0) 

The analysis of STRADA and IGLAD confirmed 
these findings, see Table 11. However, various 
deviations of the injury severities and the 
distributions between the body regions were 
found in these databases. For example, a high 
proportion of AIS 2+ Upper Extremity injuries 
have been identified in STRADA but also high 
shares of AIS 3+ injuries in RAIDS and IGLAD. 
 
Based on these figures rankings of most affected 
mAIS 2+ and mAIS 3+ injured body regions of 
cyclists were determined for the different age 
groups, see Table 5.  
 

Table 5: Ranking of most affected mAIS 2+ / 
mAIS 3+ injured body regions of pedestrians 

 All (25+ years) Older  Mid-aged 
mAIS 2+ 

1. Lower Extr. Lower Extr. Lower Extr. 
2. Head Head Head 
3. Thorax Upper Extr. Thorax 

mAIS 3+ 
1. Head Lower Extr. Head 
2. Thorax Head Thorax 
3. Lower Extr. Thorax Lower Extr. 
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Injury risk 
The probability for pedestrians sustaining an 
injury of MAIS 1 or MAIS 2+ over the car’s collision 
speed based on GIDAS data including solely 
injured pedestrians is shown in Figure 13. It can be 
seen that the likelihood of older pedestrians 
hitting a car’s front (car manufactured in 2006 or 
later) and suffering from MAIS 2+ injuries is 
constantly considerably higher than for mid-aged 
pedestrians by around 10 percentage points. 
 

 
Figure 13: Probability of the overall injury 
severity (MAIS) for mid-aged and older 
pedestrians in collisions with car fronts, GIDAS, 
cars manufactured in 2006 or later 

 
Hospital data analysis 
Analysing TARN for injury severities per body 
region showed that the body regions most often 
seriously affected were: the head followed by (to 
similar extents) the thorax and the lower 
extremities and to the pelvis, see Figure 14. In the 
case of an injury to the abdomen, these injuries 
were most often of AIS 2 or higher. Neck injuries 
play a minor role for pedestrians. Comparing the 
recorded injured pedestrians in the TARN dataset 
by sex, the body regions thorax, pelvis and head 
revealed greatest differences. Male pedestrians 
had more often AIS 3+ thorax injuries (plus ~10 
percentage points) and less often pelvis injuries 
(minus ~5 percentage points) in comparison to 
females. In addition, females suffered less often 
from AIS 3+ head injuries (minus ~5 percentage 
points) compared to male pedestrians. 
 

 
Figure 14: Pedestrians – Injury severity per body 
region and age group, TARN, N = 9,093, 
excluding spine injuries (note: each column sums 
up to 100%, thus not shown shares account for 
“not injured” – AIS 0) 

The TraumaRegister DGU® database was analysed 
towards the top 5 injuries of pedestrians in road 
traffic crashes by listing all injuries in the dataset 
and determining the share of each single injury to 
all injuries of the specified age group. This 
resulted in the ranking of injuries listed in Table 6. 
Overall, skeletal leg and thorax injuries (with 
three or more ribs broken) were most prominent 
followed by other severe head and leg injuries. 
Differences can be observed comparing the 
ranking of the injuries recorded. Older 
pedestrians suffered more from subarachnoid 
haemorrhages of the cerebrum than younger 
ones. 
 

Table 6: TraumaRegister DGU® - top 5 injuries of 
older pedestrians (* of all injuries of this age group) 

AIS Injuries n* %*
854000.2 leg, skeletal Injury, tibia 557 4.2
450203.3 thorax, fracture, ≥ 3 ribs 500 3.8
140693.2 head, cerebrum, 

subarachnoid haemorrhage 
400 3.0

854441.2 leg, skeletal Injury, fibula  359 2.7
110600.1 soft tissue injury, scalp, 

minor laceration 
314 2.4
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Table 7: Overview of analysed datasets (Type: M – Multinational, N – National, I – In-depth, H – Hospital) 
No. Common Name of Data Source Country Type Years Injury severity coding
1 IRTAD + CARE International M 2009-2013 slightly, serious and fatal injuries
2 STRADA Sweden N 2008-2014 AIS 2005 update 2008
3 DESTATIS Germany N 2013-2015 slightly, serious and fatal injuries
4 ACI-ISTAT Italy N 2008-2014 slightly, serious and fatal injuries
5 DGT Spain N 2011-2013 slightly, serious and fatal injuries
6 STATS19 UK N 2004-2014 slightly, serious and fatal injuries
7 GIDAS Germany I 2005-2015 AIS 2005 update 2008
8 IGLAD International I 2007-2013 AIS 90 with update 1998
9 RAIDS UK I 2004-2010 & 2013-2015 AIS 2005 update 2008

10 TraumaRegister DGU® Germany H 2008-2014 AIS 2005 update 2008 (shortened)
11 TARN UK H 2004-2015 AIS 2005 update 2008
12 Hospital Database Barcelona Spain H 2010-2014 slightly, serious and fatal injuries
13 Italian Register Of Acute Traumas Italy H 2004-2014 AIS 90 with update 1998

 
Table 8: Car occupants – Comparison of injury severities per body region and age group 

 
 

Table 9: Car Occupants in GIDAS who suffered from thorax injuries per impact direction and age group 

 
 

Table 10: Cyclists – Comparison of injury severities per body region and age group 

 
 

Table 11: Pedestrians – Comparison of injury severities per body region and age group 

 

AIS1 AIS2 AIS3+ AIS1 AIS2 AIS3+ AIS1 AIS2 AIS3+ AIS1 AIS2 AIS3+
25-64 7,3% 1,9% 1,3% 7,5% 0,4% 0,2% 18,9% 1,1% 3,4% 4,8% 3,9% 4,1%
65+ 8,4% 3,4% 3,8% 7,1% 0,1% 0,0% 15,1% 1,3% 3,7% 5,4% 3,0% 3,0%

25-64 22,6% 1,1% 0,1% 19,5% 0,2% 0,0% 34,0% 1,7% 0,7% 6,2% 0,6% 1,0%
65+ 9,8% 2,3% 0,4% 11,9% 0,2% 0,0% 20,1% 3,7% 1,8% 1,2% 1,8% 0,0%

25-64 6,8% 3,6% 2,3% 10,4% 0,9% 0,4% 23,4% 4,7% 5,3% 8,5% 1,6% 4,6%
65+ 11,5% 16,4% 9,6% 15,4% 1,6% 0,9% 23,5% 10,2% 13,1% 21,6% 4,2% 6,6%

25-64 0,0% 0,7% 0,5% 2,4% 0,4% 0,1% 20,8% 3,7% 1,8% 1,5% 1,1% 2,5%
65+ 0,0% 1,9% 1,0% 2,1% 0,8% 0,0% 15,1% 7,6% 2,6% 5,4% 1,2% 1,2%

25-64 0,0% 0,5% 0,2% 1,4% 0,3% 0,0% 0,8% 2,0% 0,8% 14,3% 0,6% 1,1%
65+ 0,0% 1,7% 0,4% 1,3% 0,2% 0,1% 1,6% 5,2% 0,8% 13,2% 2,4% 1,8%

25-64 5,0% 4,1% 0,1% 8,4% 0,6% 0,0% 24,7% 6,8% 0,1% 11,7% 3,8% 1,3%
65+ 4,2% 10,7% 0,2% 9,0% 1,4% 0,0% 25,1% 12,8% 0,0% 13,8% 6,0% 1,8%

25-64 1,0% 2,2% 0,9% 5,7% 0,3% 0,2% 20,8% 3,0% 2,0% 7,2% 1,6% 2,4%
65+ 1,2% 5,7% 3,1% 5,9% 0,8% 0,0% 23,5% 4,7% 3,7% 6,6% 2,4% 5,4%

Head

Neck

Thorax

Abdomen

Pelvis or Spine for 
NASS/CDS, CIREN, iGLAD

Upper Extremities

Lower Extremities

iGLADRAIDSGIDASSTRADA
Car Occupants (female + male)

Impact Age G. n % n % n % n %
25-64 297 86,1% 35 10,1% 13 3,8% 345 100,0%
65+ 87 82,1% 13 12,3% 6 5,7% 106 100,0%

384 85,1% 48 10,6% 19 4,2% 451 100,0%
25-64 103 88,0% 7 6,0% 7 6,0% 117 100,0%
65+ 32 91,4% 1 2,9% 2 5,7% 35 100,0%

135 88,8% 8 5,3% 9 5,9% 152 100,0%
25-64 83 100,0% 0 0,0% 0 0,0% 83 100,0%
65+ 15 100,0% 0 0,0% 0 0,0% 15 100,0%

98 100,0% 0 0,0% 0 0,0% 98 100,0%

617 88,0% 56 8,0% 28 4,0% 701 100,0%Total

AIS 1+

Front

subtotal: Front

Side

Car Occupants Thorax, AIS code

subtotal: Rear

AIS 1 AIS 2 AIS 3+

Rear

subtotal: Side

AIS1 AIS2 AIS3+ AIS1 AIS2 AIS3+ AIS1 AIS2 AIS3+ AIS1 AIS2 AIS3+
25-64 15,6% 7,8% 4,3% 27,6% 1,3% 0,4% 17,4% 0,0% 2,2% 8,9% 4,0% 3,2%
65+ 13,1% 9,1% 12,7% 33,1% 4,1% 1,7% 0,0% 0,0% 0,0% 10,9% 8,7% 34,8%

25-64 2,9% 1,1% 0,3% 9,1% 0,2% 0,2% 4,3% 0,0% 2,2% 1,6% 0,0% 2,4%
65+ 0,8% 1,5% 0,3% 5,0% 0,0% 1,7% 0,0% 0,0% 0,0% 0,0% 4,3% 4,3%

25-64 5,8% 4,4% 3,9% 21,4% 5,9% 1,3% 8,7% 0,0% 2,2% 10,5% 1,6% 0,8%
65+ 4,7% 8,6% 8,3% 17,4% 5,8% 5,8% 0,0% 16,7% 0,0% 6,5% 6,5% 21,7%

25-64 0,2% 1,0% 0,5% 6,2% 0,7% 0,0% 6,5% 2,2% 0,0% 1,6% 0,8% 0,0%
65+ 0,2% 1,1% 0,0% 2,5% 0,8% 0,0% 0,0% 0,0% 0,0% 0,0% 2,2% 4,3%

25-64 0,1% 2,1% 0,3% 12,4% 0,4% 0,0% 0,0% 4,3% 0,0% 8,1% 0,8% 0,8%
65+ 0,0% 5,1% 0,6% 11,6% 1,7% 1,7% 0,0% 0,0% 16,7% 0,0% 6,5% 2,2%

25-64 12,5% 26,0% 0,1% 46,6% 4,0% 0,0% 8,7% 8,7% 0,0% 43,5% 8,1% 0,0%
65+ 8,6% 29,2% 0,3% 53,7% 9,9% 0,8% 0,0% 0,0% 0,0% 32,6% 19,6% 6,5%

25-64 6,3% 11,1% 2,4% 60,9% 4,0% 0,9% 22,0% 2,4% 2,4% 61,3% 3,2% 4,0%
65+ 2,6% 16,2% 7,7% 51,2% 5,0% 4,1% 0,0% 0,0% 0,0% 47,8% 13,0% 8,7%

Cyclists (female + male)

STRADA GIDAS iGLAD

Head

Neck

Thorax

Abdomen

Pelvis or Spine for 
NASS/CDS, CIREN, iGLAD

Upper Extremities

Lower Extremities

RAIDS

AIS1 AIS2 AIS3+ AIS1 AIS2 AIS3+ AIS1 AIS2 AIS3+ AIS1 AIS2 AIS3+
25-64 13,5% 8,1% 7,2% 21,2% 5,3% 4,5% 13,7% 6,0% 44,9% 7,8% 11,3% 23,5%
65+ 9,1% 8,8% 10,8% 37,0% 5,4% 5,4% 16,1% 1,2% 31,7% 2,1% 10,6% 25,5%

25-64 2,9% 0,4% 0,2% 6,8% 2,3% 0,0% 9,1% 4,9% 6,0% 0,9% 1,7% 0,0%
65+ 0,7% 1,4% 0,5% 3,3% 1,1% 3,3% 0,0% 0,0% 13,7% 0,0% 0,0% 0,0%

25-64 4,0% 3,5% 7,1% 16,7% 0,8% 5,3% 0,0% 4,9% 44,9% 3,5% 0,9% 21,7%
65+ 3,4% 4,6% 8,7% 17,4% 5,4% 7,6% 3,7% 8,1% 21,7% 2,1% 4,3% 14,9%

25-64 0,1% 2,5% 1,3% 6,1% 3,8% 0,0% 22,1% 18,2% 3,9% 2,6% 3,5% 8,7%
65+ 0,0% 2,2% 1,2% 7,6% 5,4% 0,0% 9,3% 18,0% 0,0% 1,1% 1,1% 8,5%

25-64 0,0% 3,0% 1,8% 18,9% 1,5% 2,3% 0,0% 25,3% 4,9% 1,7% 5,2% 6,1%
65+ 0,0% 7,0% 2,4% 15,2% 7,6% 6,5% 0,0% 13,7% 2,5% 3,2% 5,3% 7,4%

25-64 8,4% 19,2% 0,4% 37,9% 3,8% 0,0% 2,1% 41,4% 0,0% 17,4% 10,4% 1,7%
65+ 5,6% 29,9% 0,9% 45,7% 7,6% 0,0% 16,1% 28,0% 0,0% 13,8% 13,8% 4,3%

25-64 10,7% 26,8% 5,5% 49,2% 15,9% 4,5% 36,5% 8,1% 0,0% 20,9% 21,7% 13,0%
65+ 3,7% 28,0% 14,6% 44,6% 19,6% 7,6% 15,5% 23,6% 0,0% 18,1% 11,7% 18,1%

RAIDS
Pedestrians (female + male)

STRADA GIDAS iGLAD

Head

Neck

Thorax

Abdomen

Pelvis or Spine for 
NASS/CDS, CIREN, iGLAD

Upper Extremities

Lower Extremities
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DISCUSSION 
 
The results shown in this paper and described 
further in [1] confirmed largely earlier findings 
from the literature for older car occupants. By 
now, injury distributions of older pedestrians or 
cyclists in crashes with passenger cars were less 
investigated.  
 
Overall, based on the results from the crash data 
n analyses, older persons were found suffering 
more often from higher injury severities 
compared to mid-aged road users.  
 
However, the analyses of the hospital datasets 
showed that, for example, the shares of the injury 
severity per body region did not differ largely 
between older and mid-aged car occupants. It was 
assumed that this is because of the inclusion 
criteria that e.g., only casualties with a very high 
injury severity were included in these datasets 
and thus, the AIS injury severity levels do not 
differ apparently. Nevertheless, for car occupants, 
the priorities were very similar to those shown by 
the in-depth crash data. This included both the 
body region and specific injury levels. For 
example, three or more rib fractures were the 
most common injury type, with the risk being 
approximately 1.5 times greater for the 65+ age 
group compared with the 25-64 age group. 
However, at the body region level there was not a 
clear indication that the risk was higher for older 
occupants, possibly due to confounding effects of 
the sampling criteria.  
 
Car Occupants 
The thorax was identified as the most critical body 
region of car occupants.  
 
Despite of the various deviations in the datasets, 
rankings for the most frequently affected mAIS 2+ 
and mAIS 3+ injured body regions of older car 
occupants were determined. This resulted in the 
order of the Thorax, followed by the Upper 
Extremities and Lower Extremities for mAIS2+ 
cases and in the order of the Thorax, Head and 
Lower Extremities for mAIS 3+ injured body 
regions. 
 
The probability of suffering a thorax mAIS 2+ 
injury was found to increase noticeably by higher 
delta-v values and for older than for mid-aged car 
occupants. For example, for a delta-v of 60 km/h 

the probability of a thorax AIS 2+ injury was found 
as being around 35 percentage points higher for 
older compared to mid-aged car occupants. 
 
Overall, thorax injuries (with three or more ribs 
broken) were most prominent. Whereas skeletal 
injuries of the femur followed for mid-aged car 
occupants, the older casualty suffered more often 
from various injuries to the thorax region. 
However, the spine was also often affected 
(vertebra fracture). 
 
Regarding seating positions, a few differences 
were seen for front and rear seat passengers. In 
particular the share of AIS 2 thorax injuries was 
around 10 percentage points higher for occupants 
sitting in the front than on the rear seats. 
However, head injuries were seen more often 
(~5%) for rear sitting persons compared to the 
front. 
 
It was also found that car occupants in modern 
cars suffered most often from AIS 1 and less often 
from AIS 2+ injuries to the thorax. The frontal 
crash still dominated the crash occurrence 
followed by side crashes. In the respective GIDAS 
analysis no AIS 2+ injury to the thorax was found 
for casualties involved in rear crashes. 
 
Cyclists 
Despite of the various deviations in the datasets, 
rankings for the most frequently affected mAIS 2+ 
and mAIS 3+ injured body regions of older cyclists 
were determined. This resulted in the order of the 
Thorax, followed by the Upper Extremities and 
Lower Extremities for mAIS2+ cases and in the 
order of the Head, Thorax and Lower Extremities 
for mAIS 3+ injured body regions. 
 
Regarding injuries, thorax injuries (with three or 
more ribs broken) were most prominent followed 
by severe head injuries with a similar share. 
However, a subarachnoid haemorrhage of the 
cerebrum (head injury) was more often recorded 
for older cyclists than for younger ones. Data also 
showed that severe injuries to the head replaced 
the importance of serious clavicle injuries for 
older cyclists. 
 
By applying the probit model to the available 
GIDAS data showed that the likelihood of older 
cyclists hitting a car’s front (car manufactured in 
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2006 or later) and suffering from MAIS 2+ injuries 
is considerably higher than for mid-aged cyclists. 
 
Compared to all datasets analysed, the Spanish 
national crash data showed proportionally the 
lowest number of female cyclist casualties. 
Potential reasons might be that the use of bicycles 
was often limited to sport activities, since Spanish 
towns were not prepared for any cycling activity 
for leisure or daily trips to work. In addition, 
mainly men have been practicing cycling sports. 
This tendency changed meanwhile, but primarily 
in younger age groups. In recent years also 
women used pedal cycles more and more people 
cycled as a means of transport; however, this is 
not yet reflected in the crash data. 
 
Overall, severe cyclist injuries were heavily biased 
towards males. 
 
Pedestrians 
Despite of the various deviations in the datasets, 
rankings for the most frequently affected mAIS 2+ 
and mAIS 3+ injured body regions of older 
pedestrians were determined. This resulted in the 
order of the Lower Extremities, followed by the 
Head and Upper Extremities for mAIS2+ cases and 
in the order of the Lower Extremities, Head and 
Thorax for mAIS 3+ injured body regions. 
 
By applying the probit model to the available 
GIDAS data showed that the likelihood of older 
pedestrians hitting a car’s front (car manufactured 
in 2006 or later) and suffering from MAIS 2+ 
injuries is constantly considerably higher than for 
mid-aged pedestrians. 
 
Overall, skeletal leg and thorax injuries (with 
three or more ribs broken) were most prominent 
followed by severe head and leg injuries. Older 
pedestrians suffered more often from 
subarachnoid haemorrhages of the cerebrum 
(head injury) than younger ones. In the case of an 
injury to the abdomen, these injuries were most 
often of AIS 2 or higher. Neck injuries play a minor 
role for pedestrians.  
 
Male pedestrians had more often AIS 3+ thorax 
injuries and less often pelvis in comparison to 
females. In addition, females suffered less often 
from AIS 3+ head injuries compared to male 
pedestrians. Overall, severe injuries to older 

pedestrians were strongly biased towards 
females. 
 
Injury risk functions 
The presented injury risk functions need to be 
handled with care as they were based on injured 
casualty data from GIDAS only and therefore, 
can’t represent all European countries. Further, 
the statistical probit models used would require 
further adaptations regarding their model quality, 
as for example the Akaike information criterion 
(AIC) was often rather marginal due to the input 
data.  
 
 
 
CONCLUSIONS 
 
The present work confirmed largely earlier 
findings from the literature for older car 
occupants and complemented information on 
injury distributions of older pedestrians or cyclists 
in crashes with passenger cars which were by now 
less investigated. 
 
Car Occupants 
The thorax was consistently identified as the most 
frequently injured body region for car occupants, 
at both AIS 2+ and AIS 3+ levels, and the risk of 
thorax injury was at least twice times greater for 
the older car occupants than for the mid-aged 
ones. Probit injury probability functions based on 
GIDAS data also supported a markedly elevated 
risk of serious (AIS 2+) injury, and especially 
thorax injury, for older occupants. Serious head 
and lower extremity injuries were also relatively 
frequent and of elevated risk for the older age 
group. This confirms the findings from the 
literature review that thorax injuries are a priority 
for prevention for car occupants, particularly for 
older car occupants. Where more detailed 
information was available, the greatest 
proportion of thorax injuries occurred in frontal 
impacts, which supports the injury criteria 
development tasks within the SENIORS project, 
and skeletal fractures were the most common 
non-trivial injury. 
 
Cyclists 
For cyclists, head, thorax and lower extremity 
injuries were seen to be the priority at the AIS 3+ 
level, with upper extremity injuries also common 
at the AIS 2+ level. For all of these body regions, 
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the risk was greater for the 65+ age group than 
for the 25-64 age group. An increased risk of 
AIS 2+ injury for the older age group was also 
supported by probit injury probability functions, 
but the sample size was too small to allow the risk 
for individual body regions to be modelled for 
different age groups. Where more detailed 
information was available, specific head, thorax 
and lower extremity injury types were also 
identified. 
 
Pedestrians 
Similar injury priorities were observed for 
pedestrians as for cyclists, with lower extremity 
injuries being the priority at the AIS 2+ level and 
head & thorax injuries being the priority at the 
AIS 3+ level. Unusually (compared with other road 
user groups), injury proportions were not always 
greater for the older age group at the body region 
level, although the probit injury probability 
function showed a greater total risk of MAIS 2+ 
risk of injury for the 65+ group compared with the 
25-64 age group. Specific injury types to each 
body region were also identified. 
 
Aligning different data sources 
This paper aimed to link information from crash 
databases with hospital statistics. Crash data is 
often recorded by the police. In-depth crash 
studies are only available in a few countries. 
Hospital statistics are usually recorded by medical 
staff only, contain comprehensive medical data 
and sometimes offer the possibility to distinguish 
for casualties involved in road crashes. Combining 
both types of data is possible, but requires a 
broad understanding of the different patient 
inclusion criteria and definitions. This paper and 
the SENIORS Deliverable 1.2 [1] gave an insight 
into the difficulties of handling with different 
databases and would like to motivate other 
researchers continuing this work.   
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RECOMMENDATION 
 
Historically, the first and still the most reliable 
variable for the comparison on accident situation 
between countries is the number of fatalities in 
road crashes. Comparing the number of slightly or 
seriously injured people among European 
countries yields less reliable results as such 
comparisons are affected by a large number of 
factors, including different definitions, different 
health care systems, different organizational 
issues of rescue services and alert chains, 
different organizations of police, different 
insurance-practice and -culture, different traffic 
laws and also the different definitions of injury 
severity.  Therefore, it would be important to 
have a common definition for “road traffic 
crashes” and for injury severities in order to 
remove part of the uncertainty. 
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ABSTRACT 
 
The proportion of highway roads in India is 5% of total road network, which accounts for 63% of the road fatalities 
(MORTH, 2015). According to a RASSI study, in 50% of the accidents, there were no accident avoidance manoeuvres 
from the drivers. Only in 30% of the accidents, drivers performed a brake or swerve manoeuvre or a combination of 
both. This research aims to evaluate the potential benefits of the Autonomous Emergency Braking (AEB), in such 
collision scenarios, based on the real world data collected from four sampling locations on Indian roads. 
Road Accident Sampling System – India (RASSI) database is used for this research. A total of 1779 real world 
accidents from three different sampling locations are examined by means of in-depth accident reports consisting of 
about 700 variables per accident case. Accident characteristics prior to the collision are derived using technical 
reconstruction.  
This study focusses on passenger vehicle only and accordingly, data screening is conducted using key parameters to 
obtain relevant data where effectiveness of AEB can be demonstrated. Vehicle movement prior to critical event 
(i.e., only vehicle going in a straight line path) and pre-impact stability (i.e., vehicle skidding longitudinally but yaw 
angle less than 30 deg.) are the two conditions for selecting the cases. A total of 23 cases sufficed to the above 
criteria and these are reconstructed using PC-Crash. 
For each case, a 0.8g deceleration pulse of AEB is implemented in the vehicle trajectory. Each case is reconstructed 
again and the benefit is registered in the following three categories: total collision avoidance, impact speed 
reduction and no benefit. 
The AEB system is currently evaluated for front-rear configuration where driver intervened with emergency 
manoeuvres. However, the applicability of the system for other accident configurations has to be evaluated as well. 
Moreover, the current dataset involves data only from National Highways, where generally, the travelling speed is 
on the higher side. However, the applicability is restricted only to front-rear collision scenarios and the system 
benefit has to be established further for a wider range of accident scenarios as well. 
 



INTRODUCTION 

The United Nations announced a “Decade of Action” 
2011 to 2020 for Road Safety to reduce the number of 
1.3 million people killed in road crashes every year. 90% 
of them happen in developing countries [1].  These 
findings are validated for India by the annual reporting 
of Ministry of Road Transport & Highways in India, 
which states that 5% of total road network accounts 
for 63% of the road fatalities [2]. Therefore, to provide 
a better ecosystem for safety, the Bharat NCAP was 
envisioned and which is expected to be enforced by 
2018.  
 
A variety of data collected by different agencies across 
India have highlighted that :  

• Contributing factors involved a combination of 
human, vehicle & infractructure for 60% of the 
fatalities 

• 28% of fatalities occurred due to vehicle factors 
[3]. 

• Rear-end collisions (including collisions with 
parked vehicles) are also envisaged as one of 
the major collision scenarios [4]. 

• Only in 30% of the accidents, drivers 
performed a brake or swerve maneuver or a 
combination of both.  

 
Considering the aforementioned factors, present aim of 
the study is to understand whether use of integrated 
safety would enable the reduction of accidents in 
specifically rear-end collsions. Therefore, three aspects 
are discussed during the course of the study to chieve 
the aim :  

• Analysis of accidents available in RASSI 
database for rear-end collision   

• Reconstruction of accidents with and without 
Autonomous Emergency Braking (AEB)  

• Proposing system requirements for AEB’s for 
Indian conditions 

 

The Autonomous Emergency Braking systems 
considered in the study are derived  from Driving 
Assistance Package (DAP), i.e. is the sales name of an 
optional bundle of FCA components in which FCW, BAS 
PLUS and PRE-SAFE Brake® as well as AB are included as 
a part of DISTONIC PLUS. It is available since 2005. All 
DPA functionalities cannot be switched off directly by 
the driver [1]. Based on this, two additional systems 
were envisaged and are explained in the subsequent 
sections.  

METHODOLOGY 

Data Source 
Real world passenger car accident data are essential 
to understanding characteristics of the accidents and 
to identify countermeasures to reduce the frequency 
and the severity of accidents. The analysis of pre-
crash dynamics of a passenger car prior to the impact 
is a way to thoroughly investigate accident causation. 

The selection of an appropriate accident database 
that includes in-depth information on the pre-crash 
phase of the accidents, in addition to the crash phase 
and the consequences, or post-crash phase, of the 
accidents, is crucial. Road Accident Sampling System 
– India (RASSI) database is used for this research. A 
total of 1779 real world accidents from three 
different sampling locations are examined by means 
of in-depth accident reports consisting of about 700 
variables per accident case. Accident characteristics 
prior to the collision are derived using technical 
reconstruction.  

Data Querying 

Data querying was performed using python scripts. 
The rationale behind querying the RASSI database 
was to obtain data relevant data about the pre-crash, 
crash and post-crash phase. The three phases of the 
crash were captured in 15 separate tables. The RASSI 
SQL database contains several relational tables which 
contain several keys that could be used for linking the 
variables. 

Table 1. Description of the data tables: Below tables 
used from RASSI database to merge & query 

Data Tables Description 

Accident General info about the scene 
and environmental conditions 

Accident event 
sequence  
(AccEventSeq) 

Specific info for each event 
(impact) in the crash 
sequence 

Vehicle general 
documents 
(VGD) 

Vehicle information that is 
gathered from police 
documents and from OEM 
specific documents 

Vehicle 
reconstruction 
(VehicleRecon) 

Info on the reconstruction of 
the first and the most harmful 
crash events per vehicle 

 
Query1: The database consisted of 1779 accident for 
the period 2011-2016. Following merging of the data 
tables ‘Accident’, ‘VehicleRecon’ and ‘VGD’, initial 
query on the vehicle type (i.e., body type relevant for 



passenger cars) was conducted. Following this 
merging, 856 cases were extracted where at least 
one passenger car was involved in these accidents. 
The description of the tables is shown in Table 1. 

For the present study, the front-rear accident 
configuration was considered. The actor and ego 
vehicle would be traveling in the same direction and 
ego vehicle would strike the actor vehicle from rear.  

 

Figure 1. Typical accident configuration considered for 
the present study: Front-Rear Accidents 

 

Figure 2.  Step-by-step query flow and the final cases 
count considered for the study. 

The present study considered only front-rear collision 
type where there was good overlap of the ego and 
actor vehicle prior to the collision. In these kind of 
circumstances, the radar based autonomous 
emergency braking system on-board ego vehicle 
would detect the actor vehicle traveling ahead. The 
system ideally would need at least 2s of following 
distance in order to mitigate the collision or to avoid 
it completely [1]. Hence, the cases where actor 
vehicle was performing lane change entering the path 
of ego vehicle and pedestrian cases were not 
considered in this study. Also, in RASSI database, the 
lane change and pedestrian accidents do not provide 
any conclusive evidence about the pre-crash phase 
which was critical in determining whether the system 

could detect the obstacles in these kind of 
circumstances. 

Query2: In order to obtain accidents where ego 
vehicle passenger car had first contact with actor 
vehicle, further merging of the tables was necessary. 
To the above merged tables in Query1, ‘AccEventSeq’ 
and the other vehicle’s ‘VGD’ were merged. The 
rationale behind this merging was to extract the 
cases where AEB was capable of detecting obstacle 
and possibly intervene if required. Only front-rear 
accident scenarios resulted in extraction of 182 
cases. The criteria to obtain AEB applicable cases was 
used with two parameters: ‘PRESTAB’ and ‘GADEV’. 
The variable ‘PRESTAB’ was used to select cases 
where ego vehicle was either traveling in a straight 
line path or longitudinally skidding with yaw angle 
not more than 30 degree. While the variable ‘GADEV’ 
was used to select cases where there was direct 
damage in the front of the ego vehicle, ensuring that 
ego vehicle was the striking vehicle. The Figure 2, 
shows the step-by-step querying procedure that 
resulted in a total of 56 cases where AEB system was 
capable of detecting the actor vehicle.   

System Definition 

The system considered for the present study was a 
hypothetical autonomous emergency braking system. 
The system could detect an obstacle using radar 
sensors located in the front of the ego vehicle 
passenger car.  The system would provide headway 
warning to the driver and alert about the possible 
collision situation. In spite of the warning, if there 
was no reaction from the driver, the system would 
intervene by partially braking at 0.4g deceleration. 
Still if there was no reaction from the driver, the 
system would intervene before collision and provide 
full braking at 0.8g thereby reducing the impact 
speed. The maximum deceleration provided by the 
system was limited to 0.8g considering the maximum 
frictional coefficient value in the range of 0.8 to 0.9.  
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Figure 3.  Triggering mechanism of three systems 
considered in the present study. 

As the present study was based on the Indian 
accidents, the objective was to identify the best fit 
autonomous emergency braking systems suitable for 
the conditions. Varying certain critical parameters 
like partial braking and full braking trigger time, the 
three systems (System A, System B and System C) 
were derived. The Figure 3 shows the different 
triggering mechanism of three systems prior to the 
collision. In the next section, each of the systems are 
explained in detail. The triggering mechanisms of all 
the three systems were kept in-line with the driving 
assistance package (DAP) system [1, 10].  

Table 2. Characteristics of System A 

System Parameter Value 
Detection range 200 m 
Detection angle 100° 
Time delay for activation of 
Partial Braking 0.15s 

AEB Partial Braking deceleration 
value 0.4g 

Time delay for activation of Full 
Braking 0.15s 

AEB Full  Braking deceleration 
value 0.8g 

Partial Braking activation before 
collision TTC – 1.6s 

Full Braking activation before 
collision TTC – 0.6s 

 

Table 3. Characteristics of System B 
System Parameter Value 
Detection range 80 m 
Detection angle 100° 
Time delay for activation of 
Partial Braking 0.15s 

AEB Partial Braking deceleration 
value 0.4g 

Time delay for activation of Full 
Braking 0.15s 

AEB Full  Braking deceleration 
value 0.8g 

Partial Braking activation before 
collision TTC – 1.2s 

Full Braking activation before 
collision TTC – 0.8s 

 

System A: System A with two radar sensors i.e., long 
and short range radar would support the driver in 
case of emergency situation. With the support of 
these radars, System A would give a headway 
warning 2.6s prior to the collision. Upon no reaction 
from the driver, the System A would provide partial 
braking at 0.4g after 1s of headway warning. System 
A would start braking autonomously from 1.75s 
before collision with time delay of 0.15s. Still if there 
was no response from the driver, the System A would 
ramp up the braking and autonomously provide full 
braking at 0.8g from 0.75s before collision with time 
delay of 0.15s. The characteristics of System A are 
shown in the below Table 2. 

System B: System B approach to autonomous 
emergency braking was similar to System A. The 
characteristics of System B are shown in Table 3. 
However, the main difference was the radar. The 
radar used was a short range radar only and hence 
the detection of obstacle would be delayed. This 
resulted in reduced time to collision. However, the 
System B would provide headway warning to the 
driver 2s prior to the collision. The average driver 
reaction time to an emergency situation is about 0.8s 
[9]. If the average driver doesn’t react to headway 
warning, the System B would intervene 
autonomously and partially brake at 0.4g. But the 
duration of partial braking would be 0.4s as shown in 
Figure 3. The System B would ramp up the 
deceleration 0.8s prior to collision by providing full 
braking at 0.8g.  

Table 4. Characteristics of System C 
System Parameter Value 
Detection range 80 m 
Detection angle 100° 
Time delay for activation of Full 
Braking 0.3s 

AEB Full  Braking deceleration 
value 0.8g 

Full Braking activation before 
collision TTC – 0.8s 

 

System C: System C functionality when compared to 
both System A and B was defined differently. The 
System C doesn’t provide any partial deceleration as 
shown in Figure 3 and the characteristics of the 
System C are shown in Table 4. These kind of systems 
would be used in city driving conditions where 
speeds are relatively low when compared to highway 
speeds. The System C would provide headway 
warning to the driver 1.6s before collision. Following 



the warning for 0.8s, if the driver doesn’t intervene, 
the system would brake autonomously at 0.8g full 
braking. 

System Application 
For each accident in the database, there would be 
reconstruction file (.pro file reconstructed in PC-
Crash) associated with the case. This section 
illustrates the method adopted to reconstruct the 
exemplary accident case by integrating the three AEB 
systems. Apart from the original reconstruction file, 
there would be three more reconstruction files 
showing the impact of these AEB systems in the 
accident scenario. 

In the exemplary case, the ego vehicle passenger car 
and the actor vehicle truck were travelling in the 
same direction. Actor vehicle was traveling ahead of 
ego vehicle. Ego vehicle driver fell asleep and hit 
actor vehicle in the front-rear accident configuration. 
As shown in Figure 4, ego vehicle impact speed (ve) 
was 110 km/h and actor vehicle (va) was 43 km/h. As 
driver of ego vehicle was asleep, there was no 
collision avoidance manoeuver from the driver. This 
collision resulted in fatal injury to the ego vehicle 
driver, while the passenger of the ego vehicle 
sustained serious injuries. No injuries were observed 
for actor vehicle driver. 

In the original crash reconstruction, t=0 would be the 
point of impact. In the pre-crash phase, there was no 
collision avoidance manoeuvers performed by the 
ego vehicle driver. Hence, the assumption made was 
that ego vehicle and actor vehicle drivers were 
traveling at the constant speed. So the initial speed 
at t=-1.6s would be 110 km/h for the ego vehicle and 
actor vehicle would be 43 km/h. Backward simulation 
was performed from t=0 to t=-1.75s. The position at 
t=-1.75s are noted and this position of ego and actor 
vehicle would be the new t=0 position for the 
subsequent simulations integrated with the three 
AEB systems. 

 

Figure 4.  Schematic representation of actor and ego 
vehicle engagement at impact in PC-Crash. 

As mentioned in the previous section, the three 
systems with trigger time at 1.6s, 1.2s and 0.8s were 
incorporated in to the reconstruction for checking 
the benefit of System A, System B and System C 
respectively. The assumption made in the present 
study was that systems would detect the actor 
vehicles for these front-rear configurations. The 
reconstruction of all three systems was performed by 
adding new sequence step in the PC-Crash file. The 
schematic of the accident reconstruction is shown in 
Figure 5. 



 

Figure 5.  Reconstructed accidents sequence with 
respect to time and distance. 

As indicated in the Figure 3, the partial braking for 
System A would trigger at 1.75s before collision with 
a system time delay of 0.15s. While full braking 
would trigger at 0.75s before collision with another 
system delay of 0.15s.  

For System B, t=0 would be the same start position as 
in System A simulation. But the ego and actor 
vehicles would be traveling for 0.25s with constant 
speed. The partial braking would trigger at 1.35s 
before collision with a system time delay of 0.15s and 
full braking at 0.95s before collision with another 
0.15s of system time delay. The partial and full 
braking deceleration values are the same for both the 
systems (System A and System B) i.e., partial braking 
at 0.4g and full braking at 0.8g.  

For the System C reconstruction, t=0 would be the 
same as for the previous two reconstructions, but the 
ego and actor vehicles would be traveling for 0.5s 
with constant speed. As there is no partial braking in 
the System C, full braking would trigger 1.1s before 
collision with a system time delay of 0.3s. The Table 5 
shows the comparison of ego vehicle impact speeds 
(ve) observed from all three reconstructions 
integrating the systems. 

Table 5. Impact Speed Comparison for all systems 
Reconstructions ve (km/h) 
Original Case 110 
System A 53.3 

System B 67.8 
System C 82.9 

 
Table 6. Ego vehicle impact speed (in km/h) 

comparison for all systems for different scenarios 

[ue, ua] km/h ve with 
System A 

ve with 
System B 

ve with 
System C 

[121, 43] 73.6 81.8 94.4 
[110, 43] 53.3 67.8 82.9 
[99, 43] NC* NC* 70.9 
[121, 47.3] 71.4 81 94.2 
[110, 47.3] NC* 65.6 82.5 
[99, 47.3] NC* NC* 70.2 
[121, 38.7] 75.2 82.7 94.6 
[110, 38.7] 58.7 69.2 83.2 
[99, 38.7] NC* 52.6 71.3 

* NC – No Collision 
 

To see the effectiveness of the three systems, the 
traveling speed was also varied for the both actor 
and ego vehicles. The speed variance of 10% was 
considered for both the vehicles. The considered 
traveling speed for ego vehicle (ue) were 99 km/h, 
110 km/h and 121 km/h; while for the actor vehicle 
traveling speed (ua) were 38.7 km/h, 43 km/h and 
47.3 km/h. For every accident case, a total number of 
27 simulation were carried (3 traveling speed for 
actor vehicle times 3 traveling speeds for ego vehicle 
times 3 systems for each ego and actor vehicle 
traveling speed). The Table 6 shows the impact 
speeds obtained for all the 27 simulations. 

RESULTS 

Findings 
After accident cases extraction, investigation of the data 
was performed for the 56 cases. The ego vehicle 
collision partner was categorized into four main 
groups: collision with passenger car, bus, trucks and 
other (mostly VRUs like two wheelers excluding 
pedestrians). The Figure 6 shows the distribution of 
accidents by actor vehicle ‘BODYTYPE’. In 50% of the 
accidents, passenger car collision partner was truck 
and in 30% of the cases, it was a passenger car itself. 
 



 

Figure 6.  Accident distribution by collision partner (N = 
56 Cases) 

 

Figure 7.  Accident distribution by injury severity (N = 
56 cases) 

Overall, about 35% of the accidents involved AIS6 
injuries (i.e., fatal) and over 25% of the accidents 
involved serious injuries (AIS3+). As shown in Figure 
7, minor and no injuries were observed in 22% and 
13% of the accidents respectively. Among the 28 
passenger car vs. truck accidents, 13 cases include 
fatal (AIS6) accidents. In the 16 passenger car vs. 
passenger car accidents, 50% of the cases include 
either fatal or serious injuries (AIS3+) while fatal 
injuries was observed in two cases. 

Table 7. Accident distribution by collision avoidance 
manoeuvers (N = 56 cases) 

Manoeuvres Cases Percentage 
None          35 62.5% 
Braking 7 12.5% 
Steer 8 14.3% 
Brake & Steer 5 8.9% 
Unknown 1 1.8% 

 
In 63% of the accidents, driver did not perform any 
collision avoidance manoeuver as shown in Table 7. 
Passenger car driver performed collision avoidance 
manoeuvers in about 35% of the cases (i.e., 12.5% for 

braking, 14.3% for steering and 8.9% for a 
combination of brake and steer). Only in one case, 
there was no information about the driver collision 
avoidance manoeuver. There could be many causal 
factors like very late or no reaction of the driver due 
to inattentiveness or distraction or sleep or fatigue; 
driver misinterpretation of the distance to the actor 
vehicle resulting in insufficient brake application and 
driver non-comprehension of the emergency 
situation. 

In the 35 cases where there were no collision 
avoidance manoeuvers, the average impact speed is 
about 45 km/h. The 50th and the 75th percentile value 
for the impact speed were 49.5 km/h and 80 km/h. 
This indicates that impact speed is above 50 km/h in 
over 17 cases out of 35 cases. 

Systems Comparison 

This section focusses on establishing which of the 
systems would best fit to the requirements of the 
collision dataset. Among the 56 cases extracted from 
RASSI database, only in 23 cases, accident 
reconstruction (.pro file) was available. For each of 
these 23 cases, 27 simulations were carried out 
which resulted in a total of 621 simulations. There 
was no reconstruction in the remaining 33 because of 
insufficient data. 
  
Figure 8 below shows comparison of the three 
systems based on 621 reconstructed simulations and 
Table 8 illustrates the collision avoidance capacity of 
the systems. It is observed that System C provides 
the least benefit out of all the systems with the 
collision avoidance capacity of 19% with an impact 
speed reduction restricted to 37%. However, the 
simulation results shows that through maximum 
benefit in terms of impact speed (80%) and kinetic 
energy (57%) reduction was achieved with System A 
and was able to avoid collisions in 48% of 
simulations. However, System B also shows a 
comparable benefit to System A with an impact 
speed (70%) and kinetic energy (46%) reduction with 
a collision avoidance capacity of 41%. 
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Figure 8.  Kinetic energy and impact speed reduction by 
all the systems 

Table 8. Collision Avoidance by all the systems 

System Simulations Collision Avoidance 
System A 207 48% 
System B 207 41% 
System C 207 19% 

  

Injury Risk Curves for System Comparison 
Figure 9 below illustrates the risk of AIS3+ & AIS 6 
injuries with respect to impact speed for the real 
world data. 
 

 

Figure9.  Curves showing the risk of AIS3+ and AIS6 
injury against impact speed of ego vehicle. 

The effect of ego vehicle impact speed on risk of 
injury were investigated by applying logistic 
regression analysis [8]. The main objective was to 
derive an improved analytical expression for the AIS6 
and AIS3+ injury risk function. The probability of 
death, P(v), was then assumed to be the following: 	( ) = 	 	 ( ) (Equation1) 

where v was the impact speed and a, b, two 
parameters to be estimated by the method of 
maximum likelihood [6, 7].  

The resulting probability function of AIS6 and AIS3+ 
injury, P(AIS6) and P(AIS3+), is presented in Equation 
2 and Equation 3 respectively. Logistics regression 
resulted in the intercept value and the coefficient 
value of ego vehicle impact speed, ve. The intercept 
value for AIS6 and AIS3+ injury were -3.33 and -1.41 
respectively. Also, the coefficient of ve for AIS6 and 
AIS3+ injury were 0.04 and 0.05 respectively. The 
impact speed variable was statistically significant 
according to the Wald chi-square test, the p-value for 
AIS6 and AIS3+ injury risk were 0.0003 and 0.001.  	( 6) = 	 	 ( . . ) (Equation 2) 

	( 3 +) = 	 	 ( . . ) (Equation 3) 

It was observed that the injury risk for AIS3+ & AIS 6 
begin from 0.19 & 0.034. The reason for risk of injury 
even at impact speed of 0 km/h was because of 
collision with VRUs (excluding pedestrians) and in 
these collisions the injury happened to the VRUs. This 
could be attributed to the fact that injury risk curves 
were created based on all the injuries sustained 
irrespective of the occupant in the passenger car or 
VRU. It was observed that the impact speed greater 
than 50 km/h, the potential risk of AIS3+ injury was 
greater than 67% & of AIS6 injury was greater than 
29%. While for impact speed greater than 64 km/h, 
the potential risk of AIS3+ injury was greater than 
79% & of AIS6 injury was greater than 45%.  

DISCUSSION 

Benefit Assessment  
The analysis based in the previous section suggested 
that System C offered the least benefit and was not 
considered further. Now to demarcate the benefit of 
System A & B, the systems were evaluated for their 
reduction in injury risk (AIS6 & AIS3+) for impact 
speeds above 50 km/h & 64 km/h. Figure 10 & 11 
illustrate the comparison of AIS6 injury risk of System 
A & System B with real world data. 
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Figure 10.  Comparison of risk of AIS6 injury with and 
without System A 

 
Figure 11. Comparison of risk of AIS6 injury with and 
without System B 

Figure 12.  Comparison of risk of AIS3+ injury with and 
without System A 

 
Figure 13.  Comparison of risk of AIS3+ injury with and 
without System B 

The advantage of installing system A was established 
from the fact, that for impact speeds less than equal 
to 80 km/h, collision was avoided in 5 out of the 6 
reconstructed simulations. Significant reductions in 
the risk of AIS6 injuries for impact speeds greater 
than 80 km/h was also observed with the 
implementation of System A.  

The performance of system B was equally 
comparable to System A. For impact speeds less than 
equal to 80 km/h, the risk of AIS3+ injury was less 
than 10% except for 1 of the cases where it was 19%.  
The average risk of AIS6 injury for impact speeds 
greater than 80 km/h with system B was ~50% 
whereas with system A was estimated as ~42%. 

The average risk of AIS3+ risk for impact speeds 
greater than 80 km/h with system B was ~80% 
whereas with system A was estimated as ~75%. The 
percentage risk reduction of AIS6 injury was about 
~38% with system B and with system A the reduction 
was about ~49%. The percentage risk reduction of 
AIS3+ injury was about 14% with system B and with 
system A the reduction was about 20%.  

Limitation 

This present study made an attempt to establish the 
benefit of autonomous emergency braking system for 
the accident data set. However, the study was carried 
with the below limitations and assumptions. 

Currently, though there are AEB systems capable of 
detecting pedestrians, the present study did not 
consider pedestrian accidents due to lack of 
conclusive evidence about the pedestrian overlap 
time and the systems’ ability to detect them. Also, 
authors had to leave cases where actor vehicle 
performed lane change prior to the collision due to 
the similar reason mentioned above. As a next step 



to this study, the authors would include also 
pedestrian accident and evaluate the benefits of AEB 
systems. 

As all the three Systems were hypothetical, authors 
assumed that systems would be able to detect the 
actor vehicle before the impact i.e., System A, System 
B and System C would detect actor vehicle 2.6s, 2.0s 
and 1.6s before time to collision. 

For all the cases, the reconstruction of the cases were 
performed under the assumption that ego vehicle 
driver didn’t perform any collision avoidance 
manoeuvers. Eventually from the ego vehicle 
perspective, the benefit assessment was carried 
would be the worst case scenario. 

CONCLUSIONS 
The present study presented the benefit assessment 
of autonomous emergency braking system in 
passenger cars using an extracted accident data set 
from RASSI database. Upon querying the database, a 
total of 56 cases were extracted where AEB system 
would definitely impact the outcome of the accident 
either by mitigating or avoiding. 
 
Based on the past studies, three systems (System A, 
System B and System C) with different headway 
warning time, triggering mechanisms and 
decelerations were defined. For each accident case, 
accident reconstructions with these three systems 
integrated in the ego vehicle were performed. To 
maximize the benefit of the systems, 10% traveling 
speed variance was also considered in the 
simulations for both ego and action vehicle. A total of 
621 simulation for 23 cases were performed. 
 
The study concluded that System C with no partial 
deceleration and the least time to collision was the 
most ineffective system of the lot 
This was expected behavior from the system. These 
kind of systems would be ideal for low speed 
emergency scenarios where system could deploy full 
braking and could avoid the accident. As most of the 
accidents are highway accident where impact speeds 
are relatively high, therefore, system C achieved only 
19% collision avoidance among the 207 simulations 
performed.   
 
The best fit AEB system was between System A and 
System B. Both the systems’ benefit were comparable 
when the impact speed of the ego vehicle was 
greater than 80 km/h. With System A, the average 
risk of AIS6 injury was 40% and with System B it was 

50%. The significant difference was observed when 
the ego vehicle impact speed was less than equal to 
80 km/h. System A was able to avoid collision in 5 out 
of the 6 cases and System B was able to avoid only 
one case, but the average risk of AIS6 and AIS3+ 
injuries for System B was 9% and 36%. However, in 
the research no criterion for evaluating such systems 
are defined, i.e. whether the collision avoidance or 
impact speed reduction is strategy which is adopted 
for system implementation. Therefore, considering 
the fact that System B was also able to reduce the 
injury risk for majority of cases it can also be 
considered as a potential system to suit the collision 
avoidance requirements.  
 
Finally, the best fit AEB system depends on radar 
functionality. System A with greater obstacle 
detection range is better than system B with lower 
obstacle detection range. However, the applicability 
is restricted only to front-rear collision scenarios. The 
system benefit has to be established further for a 
wider range of accident scenarios as well. 
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ABSTRACT 
One of the challenges of lane departure warning (LDW) systems is to differentiate between normal lane 
keeping behavior and lane change events in which drivers simply do not use the lane change indicator.  Lane 
keeping behavior differs between drivers and often between driving scenarios, therefore a static threshold of 
predicting steering maneuver is not an ideal solution. The objective of the current study is to develop an 
adaptive method of predicting driver lane change maneuver using vehicle kinematic data. 

The paper presents an adaptive steering maneuver detection algorithm, which can detect the earliest 
indication of driver’s intent to change lanes.  The overall approach was to observe the driver’s “normal” lane 
keeping behavior for a period of time, and seek driver lane keeping behavior which falls outside of what is 
“normal” for each specific event.  We modeled normal driving behavior in this study using a bivariate normal 
distribution to continuously monitor the vehicle distance to lane boundary (DTLB) and lateral velocity 
measured in most production LDW systems.   

The results of our algorithm were validated against visual inspections of 949 randomly selected lane change 
events from the 100-Car Naturalistic Driving Study (NDS), in which we compared the time of driver steering 
initiation estimated by the algorithm against visual inspection. The comparison between algorithm results 
and visual inspection shows that all steering initiation in lane change events in the sample occurred within 5 
seconds of lane crossing.  In addition, a sensitivity analysis on the bivariate normal distribution boundary 
shows that the contour line representing 95% probability produced the lowest average percentage error (2%) 
with an average delay of 0.7 seconds between the algorithm predicted driver steering initiation time and 
video inspection. The resultant algorithm was deployed in a large subset of 100-Car and was able to identify 
the steering initiation time in a total of 53,615 lane change events. The resultant algorithm shows utility in 
assisting future active safety system in monitoring driver lane keeping behavior, as well as providing active 
safety system designers further understanding of driver action in lane change maneuvers to improve designs 
of LDW systems.



Chen 2 
 

 INTRODUCTION 

In the United States, road departure crashes 
contribute to more than half of highway fatalities 
[1]. One emerging active safety technology which 
may mitigate these road departure crashes is the 
lane departure warning system (LDW).  LDW 
operates by tracking the vehicle’s position with 
respect to the roadway marking and warns the 
driver, by either audible, visual, or tactile 
feedback, of road departure events.  Previous 
studies has shown that LDW systems have the 
potential to reduce fatalities in drift out of lane 
road departures in the United States by as much 
as 28% to 32% [2].  However, driver acceptance 
remains paramount to the success of LDW 
systems.  Surveys of new vehicle owners 
consistently report that current LDW systems 
provide more false alarms then other crash 
avoidance technologies, such as forward collision 
avoidance.  The result is that some owners disable 
the LDW system [3]–[5]. 

One of the challenges of overcoming the false 
alarms of LDW systems is to differentiate between 
normal lane keeping behavior and lane change 
events in which drivers simply do not use the lane 
change indicator.  One potential solution to 
differentiate between the two maneuvers is to 
utilize vehicle lateral motion and lateral distance 
to lane line threshold to predict steering 
maneuver.   This is not straight forward however, 
as lane keeping behavior may differ between 
drivers and often between driving scenarios. 
Therefore a static threshold of predicting steering 
maneuver is not an ideal solution. The objective of 
the current study is to develop an adaptive 
method of predicting driver lane change 
maneuver using vehicle kinematic data. 

Overview of the 100-Car Naturalistic Driving 
Study 
One valuable approach to characterize driver 
behavior is to use the data from Naturalistic 
Driving Studies (NDS).  NDS involve instrumenting 
vehicles and continuously recording all normal 
driving behavior for a period of months to years, 
therby captures drivers’ behavior in a “natural 
driving environment”. 

The current study utilizes data collected from the 
100-Car NDS to characterize driver lane change 
behavior.  The 100-Car study was a landmark 
large-scale NDS conducted by the Virginia Tech 

Transportation Institute (VTTI) from 2001 to 2004 
[6].   

Drivers were recruited from the Washington D.C. 
metropolitan area. Few restrictions were used to 
select subjects, e.g. excluding those with traffic 
violations. Younger drivers, i.e. under 25 years, 
and self-reported high mileage drivers were 
sought and oversampled, however. 

Vehicles were instrumented with cameras and 
inertial measurement devices and equipped with a 
PC-based computer to collect and store the data. 
The data collection box housed a yaw rate sensor, 
dual axis accelerometers, and a GPS navigation 
unit. In addition, radar sensors were mounted on 
the front and rear of the vehicle that were able to 
track other vehicles. The data collection box was 
usually installed on the roof of the trunk of the 
vehicle in order to be unobtrusive. .  In addition to 
the on-board instrumentation, vehicle data, such 
as vehicle speed and brake pedal switch, were 
collected from the vehicle CAN bus.  All data were 
sampled at a rate of 10 samples per second. Some 
of the sensors had lower sample rates. These data 
were still sampled at 10 samples per second but 
would have multiple samples with equal 
magnitude. 

There were five (5) cameras that offered 
continuous views in and around the vehicle, as 
shown in Figure 1.  The upper left frame shows a 
view of the driver’s face and upper body, blurred 
to protect the identity of the driver. The lower left 
pane is an over-the-shoulder view of the driver, 
the upper right pane is a forward view out the 
front of the vehicle, and the lower right pane is 
split between a view out the passenger side of the 
vehicles and out the rear of the vehicle. 

 

Figure 1. Combined Video Views from the 100-Car 
Naturalistic Study 
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METHODS AND CALCULATION 

Driver Selection 
 
A total of 108 primary drivers and 299 secondary 
drivers were included in the 100-Car study period 
in which all driving in an instrumented vehicle was 
recorded.  Primary drivers were the primary 
owners or leasers of the instrumented vehicles.  
Secondary drivers occasionally drove the vehicles.  
Primary drivers accounted for 89% of all miles 
driven during the study period. The entire 100-Car 
database contains approximately 1.2 million miles 
of driving.  A total of 1,119,202 miles of which 
were driven by primary drivers in 139,367 trips.   

Prior to the analysis, the status of all time-series 
data was inspected.  Instrumentation data, such 
as the front facing radar, vehicle speed, brake 
switch status, yaw rate signals, and lane tracking 
signals, were checked for missing or invalid data. 
Studies in the following analysis only included 
vehicles which had valid data in at least 60% of all 
trips and 60% of all distance traveled.   

Lane Change Prediction Algorithm 
 
Our solution to developing an adaptive driver drift 
out of lane detection algorithm is based on the idea 
that if we observe the driver’s “normal” lane keeping 
behavior for a period of time, then we may be able 
to detect when driver lane keeping behavior falls 
outside of what is “normal” for each specific event.  
We defined normal driving behavior in this study 
using a technique adapted from Fujishiro and 
Takahashi [7].  Figure 2 shows an example from the 
Fujishiro and Takahashi study, in which driver lane 
keeping behavior was characterized as a function of 
distance to lane boundary (DTLB) and later velocity.  
In the Fujishiro and Takahashi study, a bivariate 
normal distribution was constructed using the DTLB 
and lateral velocity time series data. Normal driving 
behavior was defined as any data within the contour 
line representing 99% probability, as shown by the 
magenta circle. 

 

Figure 2. Lateral Velocity and Distance to Lane 
Boundary (DTLB) Distribution from Fujishiro and 
Takahashi [7] (Reproduced with permission from 
authors) 

Bivariate Normal Distribution 

The bivariate normal distribution is an extension of 
the univariate normal distribution.  Similar to 
univariate normal distribution, the bivariate 
extension computes the probability distribution as a 
function of two variables, and has probability of 
density function of the following form:  
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The parameters xσ yσ  and xμ yμ represents the 
standard deviation and mean of the variable x and y, 
respectively. The parameter ρ is the population 
correlation coefficient, which measures the 
dependence of two variables and is computed based 
on the covariance of the variables x and y and their 
respective standard deviation, as shown in (Equation 
3.  
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The probability of each x and y combination is 
calculated by taking a surface integral of (Equation 3, 
as shown in (Equation 4. Lastly, the desired contour 
boundary is determined by finding x and y values of 
the same probability.  



Chen 4 
 

dSyxfyxP
s∫∫= ),(),(  (Equation 4) 

 

Steering Maneuver Detection Algorithm 

The driver drift out of line detection algorithm 
follows the three steps shown in Figure 3.  The 
algorithm first detects instances when the vehicle 
departs the lane line, as shown in Figure 3 (a).  

The next step of the algorithm takes available time 
series data before vehicle lane crossing, and models 
normal driver lane keeping behavior as a function of 
DTLB and lateral velocity, as shown in Figure 3 (b).  
Up to 60 seconds of time series data before vehicle 
lane crossing to 5 seconds was used to model driver 
behavior before each excursion.  Following the 
approach of Fujishiro and Takahashi, we defined 
normal driving behavior by creating a bivariate 
normal distribution of the DTLB and lateral velocity 
data prior to vehicle lane crossing and an associated 
95% probability contour line.  If less than 60 seconds 
of quality lane tracking data was available prior to 
the departure, then the algorithm utilized any 
available data to model normal driving behavior. If 
the lane crossing occurred less than 5 seconds from 
the start of the trip, that particular event was 
omitted from the analysis, as not enough data was 
available to model driver lane keeping behavior.   

The last step of the algorithm, shown in Figure 3 (c), 
takes the available time series data from 5 seconds 
before vehicle lane crossing to time of vehicle lane 
crossing to determine the earliest time point at 
which the lane keeping behavior was outside of the 
95% boundary established in step (b).  The process 
shown in Figure 3 was repeated for each lane change 
event to create a unique “normal” lane keeping 
threshold for each event. 

 

Figure 3. Steering Maneuver Detection Algorithm 
Procedure 

Algorithm Validation 

In order to validate the results reported by our 
algorithm, we compared the algorithm results to 
manual inspection of video footage of selected lane 
change events in the 100-Car NDS.  A total of 949 
randomly selected lane change events from 892 trips 
were extracted as the validation sample.  For each 
lane change event, a research assistant in our group 
reviewed the over-the-shoulder camera view to 
determine the time stamp when the driver begins to 
initiate steering maneuver.  In certain low lighting 
lane change events, such as nighttime or shadows 
created by nearby objects, time of steering initiation 
could not be determined by manual inspection, and 
therefore was not included in the validation sample. 

 

Figure 4. Algorithm Validation with Manual Video 
Review 
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RESULTS 
 
Algorithm Validation 

Figure 5 shows the comparison of lead time between 
algorithm result and visual comparison.  In this 
comparison, lead time is defined as the time 
between the start of steering maneuver and the first 
vehicle lane crossing, as shown in Figure 6 

The cumulative distribution of lead time compares 
the result from visual inspection validation sample 
and the algorithm results from the same events.   
The analysis of the sample validation was based on 
quantifying normal lane keeping behavior using a 
95% threshold. As shown in Figure 5, the medium 
lead time based on validation data was 
approximately 1.8 seconds, while the median lead 
time based on our algorithm was approximately 0.9 
seconds.  Both the validation results and the 
algorithm results shows that all lead times in the 
sample were less than 5 seconds. 

One hypothesis for the lead time difference between 
the algorithm and the visual validation is the delay 
between steering wheel input and vehicle response.  
Most production vehicles do not respond 
instantaneously response to the steering input, 
largely due to weight transfer the suspension and 
the tires [8], [9].  While our visual inspection denotes 
the time of steering initiation as the first moment of 
steering wheel movement, the vehicle do not 
respond immediately and therefore the algorithm 
cannot precisely pinpoint the time of steering wheel 
initiation as reported in the visual inspection. 

 

Figure 5. Cumulative Distribution of Lead Time 

 

Figure 6. Definition of Lead Time 

Sensitivity Analysis The validation sample was also 
used in a sensitivity analysis to set the probability 
threshold used in the bivariate normal distribution.  
In our method, we assumed that a bivariate normal 
distribution which captures 95% of the normal lane-
keeping behavior to be the boundary between 
normal lane-keeping and lane change initiation.   
Figure 7 shows the average percentage error of lead 
time for each confidence interval.  Average 
percentage error is computed as the average of the 
percentage error, calculated as shown in Equation 5, 
of all events in the validation sample.  As shown in 
Figure 7, a probability threshold of 95% produced 
the lowest average percentage error of 2%.  No 
additional benefit is obtained by increasing the 
probability threshold to 99%. 

validation

validationorithmma

Leadtime

LeadtimeLeadtime
ErrorPercentage

|| lg −
=

  (Equation 5) 

Sample Algorithm Results Figure 8 shows the 
steering maneuver detection algorithm performance 
on a sample trip.  The horizontal axis shows the 
vehicle lateral velocity and the vertical axis shows 
the distance past edge, or DTLB.  The red circle 
represents the data points used in modeling normal 
lane keeping behavior, the blue ellipse represents 
the boundary which captures 95% of the normal 
lane-keeping behavior, and the blue cross represents 
the data 5 seconds prior to lane crossing used to 
determine the start of steering maneuver.  The 
yellow arrow in Figure 8 shows the time progression 
of driver initiating the lane change maneuver. 
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Figure 7. Sensitivity Analysis of Confidence Interval 

 

Figure 8. Sample Validation Result 

Figure 9 and Figure 10 shows the DTLB and lateral 
distance for the sample event shown in Figure 8. The 
orange line in the figure shows the time when the 
algorithm determined that the data were outside of 
the normal lane-keeping boundary, while the yellow 
line in the figure shows when the visual inspection 
indicated that the driver begin to initiate the 
steering maneuver. As shown in the figures, the 
difference in the time of steering maneuver 
initiation between the algorithm and the visual 
inspection was approximately 0.2 seconds.  

 

Figure 9. Sample Event Distance Past Edge 

 

Figure 10. Sample Event Lateral Velocity 
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Algorithm Application: Detect Steering Initiation 
in Lane Change Events 

One of the uses of the algorithm is to detect 
steering initiation in lane change event in which 
the driver does not use the turn signal.  Previous 
studies have utilized 100-Car NDS to characterize 
driver lane change maneuver, in an effort to 
improve the triggering threshold of active safety 
systems [10].  Using the steering maneuver 
detection algorithm, we were able to compute 
steering initiation time for 53,615 lane change 
events from the 100-Car NDS. 

Figure 11 shows the cumulative distribution of the 
lead time between steering start and lane edge 
crossing.  The median lead time in the population 
of lane change was approximately 1 second. 

  

Figure 11. Cumulative Distribution of Lead Time 

In addition to characterizing the lead time 
between steering maneuver initiation and lane 
crossing, we also compared the difference in 
driver behavior during steering initiation and lane 
change crossing in lane change events during car 
following events.  Driver lane change behavior 
was quantified using Time to Collision (TTC) with 
respect to the lead vehicle.  For each lane change 
event, TTC was computed at the time of steering 
initiation as well as the time of vehicle lane 
crossing, as shown in Equation 6: 

r

rrr

A

DAVV
TTC

**22 −−−
=  (Equation 6) 

where Vr is the relative speed, obtained from the 
reported radar range rate, between the two 
vehicles. Ar is calculated as the time different of 
Vr, and is the relative acceleration between the 

vehicles.  Lastly, D is the distance between the 
two vehicles, which was obtained from the 
reported radar range rate.   

We utilized the General Extreme Value 
Distribution (GEV) to characterize the probability 
of driver lane change for a continuous range of 
TTCs. The GEV distribution was previously 
determined to be the best fit distribution to 
describe driver lane change behavior, based on 
minimizing the Akaike information criterion (AIC), 
and Bayesian information criterion (BIC) [11].  
Figure 12 show the GEV distribution of TTC at the 
start of steering maneuver.  The distributions 
were computed separately for each 10 mph 
vehicle speed.  For each vehicle speed bin, the 
GEV distribution provides continuous probability 
of steering initiation with respect to TTC. 

 

Figure 12. GEV Distribution of TTC at Start of 
Steering Maneuver 

The GEV distributions shown in Figure 12 can also 
be characterized by their mode, or the TTC values 
corresponding to the maximum probability in each 
distribution.   Figure 13 shows the modes of GEV 
distributions of TTC values at the start of steering 
and start of lane crossing.  The comparison of GEV 
distributions modes between the start of lane 
crossing and start of steering shows that the 
modes of the TTC distributions are higher at the 
start of steering for all speed ranges, and the 
modes generally increase with vehicle speed. 
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Figure 13. Comparison of Modes of GEV 
Distributions for TTC in Lane Change 

CONCLUSIONS 
 
The overall objective of the current study was to 
develop an automated algorithm to detect the 
start of steering initiation in lane change events. 

The overall approach in the methodology was to 
model the normal lane keeping behavior using the 
distance to lane boundary and lateral velocity of 
the vehicle prior to the lane change event.  The 
start of steering maneuver was defined as the first 
time when driver lane keeping behavior reaches 
outside 95% of normal lane keeping behavior. 

The results of the algorithm were validated 
against manual video inspection of 949 randomly 
selected lane change events.  During the manual 
inspection, the researcher review of the over-the-
shoulder camera view to determine when the 
driver initiated the steering maneuver during the 
lane change.  In certain low light lane change 
events, such as night time driving or shadows 
casted over the driver, time of steering maneuver 
could not be determined. 

The comparison of lead time, or the time between 
the start of the steering maneuver and the vehicle 
crossing the lane edge, showed that the median 
lead time for the algorithm was approximately 0.9 
seconds shorter than the lead time reported by 
visual inspection.  We hypothesize that the 
difference in lead time is largely due to the play in 
the steering wheel and the fact that vehicles do 
not immediately respond to steering wheel input.  
Lead time was less than 5 seconds for all lane 
change events in the validation sample, suggesting 
that detecting steering wheel input within 5 

seconds prior to lane crossing was a reasonable 
assumption in our algorithm. 

The algorithm validation sample was also utilized 
in a sensitivity analysis of the confidence interval.  
Confidence intervals between 50% and 95% was 
selected to represent normal lane keeping 
behavior, and the performance of the algorithm 
was compared against the results from the 
manual inspection.  According to the average 
percentage error of lead time between the 
algorithm output and the manual inspection, a 
95% confidence level best described the normal 
lane keeping behavior in our algorithm, and was 
therefore selected in the final methodology. 

We were able to compute steering initiation time 
in 53,615 lane change events.  The distribution of 
lead time, or the time between steering initiation 
and first lane crossing, was approximately 1 
second.  In approximately 5% of the events, the 
lead time identified by the algorithm was 0, 
suggesting that in a small percentage of events, 
driver are very close to the target lane when they 
initiate the lane change maneuver.  For all lane 
change events, the result of the algorithm shows 
that drivers begin steering maneuver for a lane 
change within 5 seconds of the vehicle crossing 
the lane.  This shows that, in certain cases, we can 
potentially detect drivers’ intent to change lanes 
as far as 5 seconds in advance. 

Lastly, a probability distribution was fit to the 
population of TTC values using the general 
extreme value distribution.  The modes, or peaks 
of the probability distributions, shows that TTC 
generally increase with vehicle speed.  The 
comparison of modes of probability distribution 
shows drivers have higher TTC at the start of 
steering maneuver than the first lane cross.  This 
suggests that drivers generally decrease the 
following distance between vehicles as the 
overtake maneuver progresses. 

One of the major limitations of the current 
algorithm is the dependency on lane line 
availability.  In most rural or suburban driving 
environments, lane lines are poorly marked or not 
available, therefore in these scenarios, our 
algorithm did not have sufficient information to 
model normal driver lane keeping behavior. 
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In summary, the current study developed a 
valuable methodology to estimate the start of 
steering maneuver in lane change events in the 
100-Car NDS.  Steering input was not directly 
recorded in the 100-Car NDS, and the current 
method provides an important tool in improving 
driver lane change characterization, and the 
resultant characterization of lane change events 
at the start of steering improves the previous 
study using first lane cross as the start of steering 
maneuver. 
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ABSTRACT 

 

Currently, no passive safety regulatory requirements for passengers of urban buses exist, mainly based on its 

low operational speed. Nevertheless, crash reports at the city of Madrid show that even fatalities can occur 

amongst urban buses passengers. 

The objective of this research is to assess the level of protection achieved on seated passengers on the current 

Madrid urban buses seats. Also, secondary aims are considered: 

- Obtain a representative configuration of urban buses collision (acceleration pulse). 

- Assess the seats’ resistance (are seats able to withstand crash loads?). 

- Evaluate the seats’ restraint (compartmentalization). 

To obtain a representative deceleration pulse for urban bus collisions, FE models have been used. The FE 

models validation process includes a sled crash with a mobile deformation barrier (EuroNCAP AE-MDB 

version), acting as bullet vehicle, and the frontal part of an urban bus (supported by load cells and including 

strain gauges for obtaining loads in five axis in three beams of the bus structure). 

To analyse occupant safety, sled tests were performed with the acceleration pulse obtained. Adult (Hybrid III 

50th & 95th male) and child impact dummies (Q1.5, Q3 & Q6) were used. The Hybrid III 50th includes 

instrumentation at head, upper neck, chest, femurs, knees and tibias. Whereas Q-dummies at head, upper and 

lower neck, chest and pelvis. 

A reliable crash pulse for urban buses was obtained for a better estimation of the protection requirements that 

urban buses could need in the future. Currently there are safety requirements for long distance buses (UNECE 

R80) with accelerations of 6.5-8.5 g and a delta-v of 30-32 kph. Nevertheless, the R80 crash severity has a 

higher severity than urban bus collisions. 

The kinematics and the injury criteria obtained from the dummy readings are used to evaluate the protection 

capabilities of each tested configuration. Also, comparison of the dummy signals allows making 

recommendations. 

The acceleration pulse representative of urban bus collisions has been developed using FE models. Based on the 

simulation results, it was taken the most severe acceleration pulse of the plausible configurations simulated. 

That configuration corresponds to the frontal collision (100% overlap) of an urban bus (12 t) at 50 kph 

impacting against a vehicle (2 t) at 50 kph. This configuration represents the invasion of the opposite lane of one 

vehicle when both vehicles are travelling at the maximum road speed. 

The occupant analysis was performed using only one type/model of urban bus seat. There are configurations 

which were not tested such as bay seating, seats placed at different height or standing passengers. 

To conclude, the acceleration pulse of a representative urban bus collision has been developed. The urban bus 

seats are able to withstand the crash load; the structural strength has been assessed with 95th mass dummies. 

The worst configuration for adult occupants has taken place in rearward projection due to the neck injuries. A 

large extension (moment and angle) has been observed. 

The compartmentalization for child occupants has been deficient; dummies finish the test on the floor. For child 

dummies, the safest configuration is when they travel in rearward facing seats. 
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INTRODUCTION 

The requirements of the EU Transport Politics 

exposed on the White Book, encourage the 

importance of using public transport instead of 

private transport, having special interest on the 

passengers safety and the decrease of the pollution. 

At urban environment, the main ways of public 

transport are buses. This fact is reflected by the 

Health World Organization in its report about the 

road safety situation in the world, where they urge 

governments to promote the use of safety, 

accessible and sustainable public transport, because 

it is necessary to increase the safety in urban areas 

where the traffic is becoming increasingly 

congested. 

From the passengers’ passive safety point of view, 

urban buses have fewer requirements than coaches, 

used for longer routes. Long routes coaches have 

incorporated seatbelts at its seats (2-points 

anchored), whereas urban buses do not use any 

restraint system. Children and adults safety has 

been previously studied [1-3]. 

The urban buses safety is based on the 

“compartmentalization” method, seats are placed 

very close and this does not allow the displacement 

of passengers inside the vehicle during a crash 

impact. This system is used by the school transport 

buses in the United States [4], having the premise 

of longitudinal configuration impacts, they do not 

consider high energy configurations like 

overturning. The compartmentalization method has 

been used to evaluate and define systems’ 

requirements that help to improve the urban buses 

safety when children strollers are transported [5]. 

Although the energy levels of urban buses impacts 

are smaller than those of the coaches, its safety and 

evaluation should not be neglected fundamentally 

for two reasons: 

 It is a way of transport that is being promoted in 

cities, so it is expected to increase the degree of 

use of this type of transport. 

 The passengers’ type at buses, because the 

majority are vulnerable users like children and 

elderly. 

Through the Madrid-EMT (Empresa Municipal de 

Transportes) data, it has been found that there are 

three main configurations (of fifteen), where more 

than 75% of injuries are produced. These 

configurations are: impact against other vehicle, 

braking manoeuvre and falling inside the vehicle. 

According to this data, the most critical 

configuration is the impact against other vehicle 

(due to the higher decelerations of the vehicle). 

Therefore, to assess the passive safety of seated 

occupants on buses during crashes against other 

vehicles provides a safety framework which is able 

to obtain favourable results on the three 

configurations where injuries are produced. 

 
Figure 1. Causes of injuries in urban buses. 

However, the regulation R80 [6] only describes the 

impact conditions for coaches in frontal impact 

configuration (the coach impact against a rigid wall 

at 30 km/h). This impact type is more severe than 

the situations described before for the urban buses. 

Therefore is necessary to define properly the 

decelerations suffered by this type of vehicle, 

which must be in an intermediate severity between 

those defined in Regulation 80R03 and those of the 

emergency manoeuvres (limited by the road 

adherence). 

AIMS 

The main objective of the research is to assess the 

passive safety of seated passengers on city buses. 

To achieve this objective, the following secondary 

aims will be considered. Those will be monitored 

during the performance of the dynamic tests. 

 To assess the resistance of the seats and their 

anchorages (using adult crash test dummies of 

95th percentile male, i.e. 100 kg). As mentioned 

before, there are not requirements for assessing 

the passive safety of urban buses. One of the 

premises of passive safety is the ability of all 

elements to resist the impact without any 

detachments or breaks that may endanger the 

integrity of the occupants. 

 The restraint ability (compartmentalization) 

offered. Especially for children, because due to 

their lower weight they may not be adequately 

restrained. 

 Problems of geometric incompatibility. It is 

assessed if there is any incompatibility on the 

current systems, especially for the infant 

population due to their different dimensions 

because of their growth. 

 Improvement proposals. These proposals could 

be aimed at new designs, the improvement of the 

current designs, geometric modifications, etc. 
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MATERIALS AND METHODS 

To evaluate the passive safety of urban buses 

seated occupants during crash impacts, dynamic 

tests have been performed at natural scale using 

impact dummies, both adults as children. However, 

first of all is necessary to define dynamic 

conditions for tests. For this, finite element models 

(FEM) have been developed of buses and vehicles 

(frontal and side) representing by average 

properties of all vehicles [7, 8]. These models have 

been used for the definition of the acceleration 

pulses in urban bus – vehicle collisions. 

Among the scenarios of plausible crashes in urban 

environment (with buses involved), it has been 

identified as the worst (from the point of view of 

the bus deceleration) as follows: “urban bus with 

very few occupants (mass of the bus 12 t) travelling 

at 50 km/h that crashes frontally against other 

vehicle (mass of 2 t) also travelling at 50 km/h with 

full overlap” (see figure 2). 

M = 12 t
M = 2 t

v = 50km/hv = 50km/h
 

Figure 2. Urban collision scenario considered. 

FEMs of city buses and vehicles (frontal and lateral 

representative) have been used to obtain the 

deceleration pulse. The city bus FEM has been 

validated with crash tests against AEMDB. 

 
Figure 3. CAD city bus. 

 
Figure 4. Crash test configuration. 

As a result of the worst plausible crash, it has been 

obtained a ΔV of 15 km/h on the bus with a peak 

deceleration of 12 g. City bus acceleration
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Figure 5. City bus acceleration. 

 

Test configuration 

Seven crash impact tests on a sled platform, 

varying occupancy degree and seat orientation have 

been performed at the Passive Safety Laboratory of 

the Instituto Universitario de Investigación del 

Automóvil (INSIA) with crash dummies. The table 

1 shows the summary of the tests performed and 

the dummies used in each crash test. It has been 

used three adult dummies and three infant 

dummies. 

Table 1. Tests performed. 
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#1 Frontal X X     

#2 Frontal   X X   

#3 Frontal    X   

#4 Frontal     X  

#5 Rear     X  

#6 Rear   X  X  

#7 Frontal      X 

#2 #7 

  
        

The adult occupants have been represented by the 

Hybrid III family. The Hybrid III 95th
 corresponds 

with a dummy representing the 95% male 

percentile (weighting 101kg). Due to it is not 

possible to seat properly two dummies of this 

characteristics, it has been used an intermediate 



  Martínez 4 

version, the Hybrid III 50th dummy with a ballast of 

23 kg at the pelvic area to increase the overall mass 

up to 101 kg. The 101 kg dummies have been used 

to assess the structural strength of the seats and 

their attachment to the bus structure (because there 

are not regulatory requirements to perform this 

verification). Finally, the Hybrid III 50th
 dummy 

represents the 50% percentile male anthropometry 

(78 kg); this dummy incorporates more 

instrumentation than the 101 kg dummies. 

The infant occupants are represented by the 

dummies of the Q-series (which are the child 

dummies with more biofidelity that exist nowadays 

[9]). The Q1.5, Q3 and Q6 have been used in the 

crash tests (the number indicates the approximate 

age of the child that is being represented). 

 

Test – instrumentation 

Dummies are equipped during the impact tests with 

the following instrumentation. The parameters 

collected during the impacts are accelerations on 

head, chest and pelvis using accelerometers; and 

forces and moments using load cells on neck and 

lumbar spine. Adult dummies have also collected 

forces on the lower limbs (femurs and tibias). 

The table 2 summarizes the instrumentation 

installed in each dummy and the filter applied 

during the signals analysis. 

Table 2. Dummy instrumentation. 
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Dummies 

Adults Child 

H
3
-9

5
th

 
H

3
-5

0
th

 

+
2

3
k

g
 

H
3
-5

0
th

 

Q
6
 

Q
3
 

Q
1

.5
 

Head Acc(X, Y, Z) 1000 X X X X X X 

Upper 

neck 

F(X, Z) 1000* X  X X X X 

M(Y) 600 X  X X X X 

Lower 

neck 

F(X, Z) 1000    X X  

M(Y) 600    X X  

Chest 
Acc(X, Y, Z) 180  X X X X X 

D(X) 180  X X X X X 

Lumbar 

spine 

F(X, Z) 600    X X X 

M(Y) 600    X X X 

Pelvis Acc(X, Y, Z) 1000    X X X 

Femur F(Z) 600  X X    

Knee Ligaments(X) 180  X X    

Tibia 
F(X, Z) 600   X    

M(Y) 600   X    
* When the force is multiplied by an arm to get a 

moment, CFC_600 is used. 
 

In addition, to record potential contacts of the 

dummy’s head and lower limbs with the back of 

the front seat, different parts of the head and lower 

limbs have been identified using colours. 

 
Figure 6. Colours for checking contacts. 

Furthermore, the crash tests have been recorded 

using four high speed cameras. These cameras 

allow assessing the kinematics behaviour and 

tracking of targets to obtain displacements (such as 

the head excursion). All cameras have a sampling 

rate of 1,000 fps. The figure 7 shows the sketch of 

the cameras configuration. 

Two of them (in colour) are placed on both sides of 

the test bench, another camera record an overhead 

view, and the fourth camera is located in an oblique 

point of view in order to have a higher detail of the 

kinematics and more information about contacts of 

the dummy against the seat (the location of the last 

camera is variable depending on the test 

configuration, rearward or frontal). 

1

3

2

4b

4a

REAR

FRONTAL

 
Figure 7. High speed cameras configuration. 

 

Injury Assessment Reference Values (IARV) 

Thanks to the measurements capabilities of 

dummies, it is possible to establish a baseline or 

boundaries to determine whether there is a 

likelihood of injury. 

The reference values taken in this paper are shown 

in the table 3. The values on blue, green and orange 

are those obtained from regulations 80, 94 and 129 

respectively. Other values are obtained from by 

Mertz et al. [13]. 
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Therefore, reference values are defined in this table 

for assessing each configuration tested and to know 

when injuries are produced. These IARV values are 

based on the following hypotheses: 

 The IARV obtained from three sources: ECE 

R129 [11] (for child restraint systems used on 

vehicles), ECE R94 [12] (for adult safety in 

frontal collision) and ECE R80 (for the approval 

of seats of large passenger vehicles), represent a 

large set of IARV. 

 HIC criteria used in R80 has been selected 

instead of R94, because there is a direct impact 

of the face during this tests. 

 

Table 3. IARV. 
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HIC15ms 500 500 500 492 356 262 

Head Acc3ms (g) 78 78 80 80 80 75 
NIC See graph 

Up neck 

extension (Nm) 
76 76 57 28 19 15 

Up neck flexion 

(Nm) 
252 252 190 94 63 49 

Lo neck 

extension (Nm) 
206 206 156 77 52 40 

Lo neck flexion 

(Nm) 
504 504 380 188 127 97 

Chest deflection 

(mm) 
46 46 42 26 23 21 

Chest Acc. (g) 27 27 30 55 55 55 
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 Reference values of R94 and R80 are defined for 

the 50th percentile. Those values are scaled using 

the work done by Mertz et al. [13] and the work 

done by the EEVC [14]. Both, scales the IARV 

to a dummy target size using its geometric data 

and using as a reference the 50th percentile adult 

dummy for the 95th percentile and for Q 

dummies. 

RESULTS AND DISCUSSION 

The most relevant results concerning their 

configuration, as well as the recorded signals are 

described in the following paragraphs. 

Firstly, kinematics assessment is done thanks to the 

tested scenarios. Figures 9 and 10 show the impact 

kinematics of forward and rearward projections 

respectively. Eight images have been selected from 

each impact configuration (each picture includes 

the time in milliseconds from the beginning of the 

crash). At the first level of each figure is found the 

child dummy (Q3 and Q6 in rear and forward 

projection respectively) and at the background 

plane it is found a midsize adult occupant (Hybrid 

III 50th male). 

The seats used in urban buses do not have headrest 

and the maximum height of the seat backrest is not 

high (although it depends on each type of seat or 

manufacturer, the backrest height is approximately 

620 mm from the bench or seat cushion). This fact 

produces that the head of adult occupants has not 

got any restraint due the lack of support, however, 

children (because of their lower stature), have 

support in their back for the head. For the tested 

seat, the limit for the head support is among the 

dummy that represents a child with 10 years old 

and the adult 5th percentile female, i.e. occupants 

with a height between 140 and 150 cm (the sitting 

height of these dummies are 734 and 787 cm 

respectively). 

 

Forward projection kinematics 

During the forward projection impact, both 

dummies have a movement toward the front seat 

due to the lack of a restraint system (like a seatbelt) 

to maintain their position on their respective seats. 

For the adult dummy, the first contact occurs on the 

knees that impact against the front seat at 56 ms 

(reaching an axial compression force of 5.2 kN in 

femurs). 

This impact situation causes the restraint of the 

lower part of the occupant body. However, the 

upper part is not restraint yet and a forward and 

descendent movement of the head takes place. This 

movement stops when the head makes contact 

against the handle of the front seat at 146 ms, 

reaching a resultant acceleration of 47.6 g. 
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Figure 8. Knees contact. Hybrid III 50th and Q6. 

 
  

  
33 ms 66 ms 

  
99 ms 132 ms 

  
165 ms 198 ms 

  
231 ms 264 ms 

Figure 9. Frontal impact kinematics. First plane: 

Q6. Second plane: Hybrid III 50th male. 

Adult dummy head’s impact do not produce a high 

neck extension, on the other hand, this impact is 

produced with the occupant nose with an estimated 

impact force of 2.5 kN. After that, (due to the 

elasticity of the front seat) the dummy starts a 

rearward movement to return to its own seat, until 

the dummy is finally seated (final test position). 

For the child dummy, its kinematics is completely 

different. The dummy has a movement toward the 

front seat until the first contact takes place with its 

knees at 106 ms. This contact has been delayed 50 

ms with respect to the adult dummy, therefore it 

produces a relative impact speed of the child 

dummy higher than the adult dummy. 

In addition, during this time period the child 

dummy is practically out of its seat, being 

complicated the return of the dummy to its own 

seat once the crash finishes. The knees impact 

cannot stop in the same way the child dummy as 

the adult dummy, it occurs because the child 

dummy’s feet do not rest on the floor such as the 

adult occupant do. The upper part of the child 

occupant continues its forward movement, while 

the angle between femurs and the torso is 

increasing until the dummy is almost fully upright. 

Subsequently, a head contact against the front seat 

is produced. This contact occurs usually with the 

forehead, but the location of the impact varies with 

the size of the dummy due to the height differences. 

After this contact, the dummy do not have speed 

enough and falls down to the vehicle floor. 

Accelerations collected during the dummy falling 

sometimes reach the half value collected during the 

impact against the seat. 

 

Rearward projection kinematics 

For the rearward projection, masking tapes have 

been used on the upper part of the dummies torso to 

prevent movements during the acceleration phase 

of the sled (the sled accelerates up to the target 

speed and subsequently the main deceleration or 

crash is produced). These tapes do not avoid the 

main impact and it can be seen its break during the 

rebound phase. 

For the adult occupants, as mentioned before, there 

is not head support, which produces a backwards 

movement of the head and consequently a neck 

extension. Using tracking motion analysis, it is 

recorded a neck extension angle of 98º and this 

movement is limited by the contact of the occiput 

(occipital part of the skull) against its own seatback 

(at 134 ms), which increases the head acceleration 

up to 34 g. The neck extension moment has reached 

62 Nm (exceeding the criteria established by the 

UNECE regulation for the protection of occupants 

during a frontal collision [12], where the crash 

takes place at 56 km/h). The restraint of the rest of 

the body, in general terms, is satisfactory. The seat 

and its anchorages withstand the impact loads 
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without breaks or strains that may cause a risk to 

the passengers of the urban bus. 

For the child dummy (Q3), the safety performance 

offered by the seat in the rearward projection is 

correct, because there is a large support of the back 

and head of the dummy with its own seat. It is 

observed as well a small upward movement of the 

occupant due to the inclination of the backrest. This 

vertical movement increases the risk of the neck 

extension for older children because facilitates the 

lack of head support. Peak accelerations of the 

dummy are between 15-21 g, taking into account 

that the peak deceleration of the sled (that 

represents the urban bus) is 11.6 g, so there has 

been a small increase in the peak values thanks to 

the good support of the dummy. Finally, because of 

the elasticity of the seat (partly by the load of the 

adult occupant), the child dummy acquires a 

rebound speed and finally ends on the floor. This 

fact produces peak acceleration values close to 15 g 

(similar to the main impact, but in this case with a 

shorter time duration). 
  

  
33 ms 66 ms 

  
99 ms 132 ms 

  
165 ms 198 ms 

  
231 ms 264 ms 

Figure 10. Rear impact kinematics. First plane: 

Q3. Second plane: Hybrid III 50th male. 

Peak values and IARV 

The tests performed allow assessing and analysing 

to determine (quantitatively and qualitatively) the 

safety of the different configurations tested. 

Figures 11 and 12 show a graphical representation 

of the main %IARV of each dummy in the forward 

and rearward projection. Blue colours palette 

represents the adult dummies while the palette 

transition from red to yellow represents the child 

dummies. Graph units are the percentage according 

to the limits described in table 3. 

On the other hand, in the table 4 it is shown the 

maximum values collected by the dummies’ 

instrumentation. In red is remarked those 

parameters that exceed the limits established and in 

brown those that exceed the 50%. 

In the rear impact configuration the peak values 

collected are lower than in the forward impact 

configuration, except the tension on the neck and 

its extension moment in both adult and child 

dummies. For the adult it is caused by the lack of 

head support described previously. In absolute 

terms, all other values are kept at low values. 

In the frontal impact, it is not observed a clear trend 

on the child dummy signals due to the increasing of 

the stature. This fact is caused by the legs reaction 

which changes the way of loading the upper part of 

the body. The Q1.5 is the dummy which strikes 

with greater relative speed and obtains greater 

decelerations in the chest (part of greater mass 

concentration); furthermore the Q1.5 head strikes 

in the most rigid part of the seat backrest. 
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Figure 11. % IARV in forward projection. 
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Figure 12. % IARV in rearward projection. 
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Table 4. Peak and injury criteria results. 

Dummy 

part 
Parameter 

Peak Values 

Forward projection 
Rearward 

projection 
H3-95th H3-50th+23kg H3-50th Q6 Q3 Q1.5 H3-50th Q3 

Head 
HIC15ms  59.8 20.3 142.2 50.9 21.3 88.9 68.0 21.5 

Acceleration3ms (g) 33.4 22.1 45.9 34.5 25.2 48.6 33.5 20.1 

Upper 

neck 

Tension +Fz (N) 501.5 - 944.4 219.6 290.0 218.8 1,228.4 224.9 

Compression -Fz (N) 255.6 - 297.8 333.8 490.6 571.3 40.0 415.6 

Shear force Fx (N) 521.5 - 559.0 383.1 283.8 296.2 336.2 325.2 

Flex. moment +My (Nm) 77.7 - 42.9 8.9 12.4 11.2 16.9 8.7 

Ext. moment -My (Nm) 22.3 - 19.5 18.0 20.7 10.8 62.5 32.1 

Lower 

neck 

Tension +Fz (N) - - - 283.2 271.6 - - 244.2 

Compression -Fz (N) - - - 341.6 469.7 - - 373.1 

Shear force Fx (N) - - - 251.6 325.9 - - 364.7 

Flex. moment +My (Nm) - - - 11.6 7.4 - - 16.7 

Ext. moment -My (Nm) - - - 36.1 28.7 - - 12.5 

Chest 
Deflection Dx (mm) - 0.9 2.3 1.4 4.2 2.2 1.0 1.4 

Acceleration3ms (g) - 6.6 9.8 13.9 19.8 27.6 10.7 16.6 

Pelvis Acceleration (g) - - - 22.4 18.5 19.5 - 17.9 

Femur L Compression Fz (N) - 4,155.2 5,258.3 - - - 540.0 - 

Femur R Compression Fz (N) - 5,510.4 5,148.8 - - - 576.5 - 
         

 

 

As it can be seen in the figures, the extension 

moment of the neck has values that exceed the 

IARV and the 50% of the limit, especially on the 

child dummies in forward projection and in 

rearward projection. On the other hand, parameters 

of acceleration 3 ms on the head and the chest have 

obtained values around the 50% of the limits 

described before. Highlight a compression force of 

the upper part of the neck around the 50% of the 

limit for the Q1.5 dummy. 

The rest of the parameters have not got values 

potentially injurious. 

 

Head 

No dummy exceeds the reference values defined, 

although the Hybrid-III 50th and the Q1.5 dummies 

have an acceleration (3ms) that exceeds the 50% of 

the head injury criteria. In frontal impact 

configuration all dummies hit against the frontal 

seat, although the HIC is very low for each dummy. 

The Q1.5 has higher values on the head compared 

with the other child dummies because its head hits 

in a lower position of the seat. Whereas, both Q3 as 

Q6 strike with the handle of the seat that has a 

greater elasticity, decreasing the accelerations 

recorded. 

Highlight, that the HIC limit used for the head is 

that defined in the Regulation 80 and 

correspondingly scaled to the child dummies. This 

limit is used because of the impact of the face 

against the front seat and because it is more 

restrictive than those defined in the Regulation 94 

and 129.  

Q6

Q3

Q1.5

Q6

Q3

Q1.5

 
Figure 13. Q-dummies head contact comparison. 

 

Neck 

In rearward projections the Hybrid-III 50th and the 

Q3 dummies exceed the reference value of the 

extension moment due to the lack of head support 

in the adult’s situation. In the Q3 occurs together 

with higher values of the shear and compression 

forces during the impact against the backrest. As 

the Q3 is the unique child dummy that has been 

tested in the rearward configuration, no conclusion 

could be obtained about the performance of the seat 

backrest for these high values. 

This greater extension moment is also high on the 

child dummies in a forward projection due to the 

impact of its backs against the seat which produces 

a greater extension of its necks. This parameter is 

higher on the Q3 because it has a direct impact 

against its seat with the back (this fact causes a 

greater extension of the neck), whereas the other 

child dummies slide through the seat with its back. 
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Figures 14 and 15 show the neck injury corridor 

(NIC) result from the tests performed (Q3 in 

rearward and forward projections) and them 

illustrate how the shear and tension force in the 

neck (upper and lower) do not exceed the limits 

calculated. This fact occurs for the NIC of every 

dummy tested; none of them exceed the limits 

calculated. Neck tension injury corridor

0

0,2

0,4

0,6

0,8

1

1,2

0 10 20 30 40 50 60 70

Duration (ms)

F
o

rc
e 

(k
N

)

Q3 Frontal UN
Rear UN Frontal LN
Rear LN

 
Figure 14. Q3 – NIC tension force. Neck shear injury corridor
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Figure 15. Q3 – NIC shear force. 

Chest 

The resultant acceleration is significantly below the 

limit because the test speed is lower than those 

specified in Regulations 94 and 129. The Q1.5 is 

the dummy which strikes with greater relative 

speed and obtains greater decelerations in the chest 

(part of greater mass concentration); furthermore 

the Q1.5 head strikes in the most rigid part of the 

seat backrest, more close to the seat anchorages. 

On the other hand, the chest deflection is also 

bellow the limit of the regulations mentioned 

before, because the dummies do not have any 

restraint in the seat and its chest does not hit 

directly against the front seat. 

Pelvis 

Finally, the pelvis acceleration is shown in table 4. 

There is not reference value for this parameter for 

the child dummies or scaling procedure for frontal 

impact. The Q1.5 and the Q3 dummy have lower 

accelerations in forward projection, it is caused by 

a primarily retention through its legs. Subsequently, 

its knees are flexed decreasing the pelvic 

acceleration. 
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Figure 16. Q-dummies pelvis acceleration 

explanation. 

 

Elderly IARV 

The Hybrid III 50th has also been analyzed, 

comparing it with elderly injury criteria. There is 

not IARV for dummies representing older people 

except for the thoracic area, therefore the HIC and 

the neck parameters are calculated using the EEVC 

method [14] with the mechanical properties of 

Yamada [15]. The femurs’ limit force is calculated 

through a FE model by Schoell et al. [16], these 

values will be used to evaluate its injury likelihood 

for the 65 years reference. 

The following figures show the results of the 

Hybrid III 50th comparing with the calculated aged 

injury limits. The injury limits in the graphs are in 

colour red. The reference values for the head are 

those defined by the R80 when the face impacts 

against the front seat (forward projection). 

As it can be observed in figure 17, the extension 

moment of the neck exceeds the limit established in 

rearward configuration. It is caused by the lack of 

headrest in the seat. This fact was also observed 

whit the standard limits. 

On the other hand, the femurs’ forces are in the 

limit in forward projections, it occurs when the 

knees hit against the front seat. This fact can 

produce a fracture on the femur of an elder adult. 
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Figure 17. Forward and rearward configuration – 

Adult 65YO IARV results. 

Figures 19 and 20 show the NIC results of the 

Hybrid III 50th. Both of them illustrate that the 

shear and tension forces are below the limits 

calculated for elder adults in both configurations. 



  Martínez 10 

Neck Tension Injury Corridor
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Figure 18. NIC-Tension Hybrid 50th 65YO: 

Neck Shear Injury Corridor
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Figure 19. NIC-Shear Hybrid 50th 65YO. 

CONCLUSIONS 

This research has allowed increasing the 

knowledge of the dummies’ behaviour during 

urban bus collisions. According to the tests’ results, 

the following conclusions are obtained: 

 Urban bus seats have withstood the dynamic 

loads without fractures or breaks that could cause 

injuries on the occupants. Over 5 kN forces have 

been recorded on femurs of adult dummies. This 

value could be useful if resistance requirements 

are defined on seats or elements which are inside 

urban buses. 

 The most dangerous configuration has been 

obtained for adult occupants in rearward 

projections. There is not headrest and it produces 

an extension movement in the neck over 90º, it 

causes a high injury risk (it is over the limits 

defined in the regulation). This movement has 

been limited by the contact between the occipital 

region of the head and its own seatback. 

Improvements are needed to prevent neck 

injuries on seats oriented rearward facing in the 

vehicle (like higher seats, place the seats oriented 

rearward facing against separator panels or other 

measures). 

 In forward facing projection, the worst injury for 

the adult dummy takes place during the impact of 

its face against the front seat. High impact forces 

have been collected during this situation, 

therefore nasal septum fracture is likely to be 

produced. 

 

 The restraint provided to children 

(compartmentalization) when they travel in 

forward facing direction is poor, all infant 

dummies end on the floor (not in their original 

seat). The parameters collected have not been 

high in absolute terms. However, when they 

travel oriented rearward facing, the parameters 

collected are drastically reduced and significantly 

improvements in the child restraint are produced 

(although in some test the child dummy ends on 

the floor too). 

 For child safety, the protection in rearward facing 

projection is greater than in forward facing 

projection. However, if there is not head support 

(depending on the sitting height); the rearward 

configuration is more dangerous than forward 

facing. 

 The tests performed do not collect any 

interaction between occupants; therefore, the 

contact between occupants of double seats does 

not affect the safety benefits provided (regardless 

of whether the occupants are adults or an adult 

and a child). There are not big differences 

between the behaviour of simple and double 

seats. 

 According to the IARVs calculated (table 3), the 

dummies have values bellow the limits 

established, except the extension moment of the 

neck upper part. In rearward projections the 

upper part of the seat should be modified to 

avoid this situation. In the case of forward 

projections the falling to the floor of the child 

dummies should be avoided, if possible. 

 For elder adults, the IARVs should be developed 

with more deeply research. According to the 

calculated values, the extension moment in 

rearward configuration and the femurs’ forces in 

forward projection exceed the limits. Therefore, 

elder adults would have an injury risk higher than 

standard adults, especially on femurs (45% 

higher) in forward configuration and on the neck 

during its extension (extension moment 30% 

higher). 

During the development of the study, the following 

limitations have been identified: 

 A particular urban bus seat model has been 

tested. Although current designs are similar 

between manufacturers, the dynamic results 

could be different. 

 There are seat configurations that have not been 

tested, such as: the bay configuration (where 

occupants look at each other, that is, some 

oriented in forward facing and others in the 

opposite direction), seats located at different 

heights and standing occupants. 
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ABSTRACT 

The German In-Depth Accident Study (GIDAS) collects since mid 1999 accidents in Dresden and surrounding area 
as well as Hannover and surrounding area following a statistical sampling method that makes the data set 
representative for the German accident situation.  

After a case by case review of all child restraint system (CRS) items of the data base the data quality is improved 
significantly and now allows for example analysis of the protection level of different CRS architectures (e.g., rear 
facing compared to forward facing or forward facing integral compared to booster seats) what was hardly possible 
before because of lack of information. As far as possible from the accident information also use pattern (no misuse 
detected, misused CRS inappropriate use of CRS will be included in the paper as well. 

For the analysis the German national accident statistics and GIDAS data from the entire collection period involving 
children up to including 11 years as car occupants in accidents not including accidents with vulnerable road users. 

The data set was recoded for CRS and CRS use variables based on a case-by-case review using child safety expert 
knowledge. 

In frontal impact accidents without further consideration of age children in rearfacing CRS are protected best while 
forward facing integral CRS and booster seats are slightly less protective. In lateral impact accidents forward facing 
integral CRS are protecting the occupants best. 

Although the case-by-case review allowed for a large number of cases a recoding of the variables there are still a 
number of unknowns in the data base that limit the final quality of the final conclusions. 
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INTRODUCTION 

For the analysis of injury risks of children in road 
transport accident data is crucial. Within this study 
data of the GIDAS accident database that provides 
accident data that is representative for Germany due 
to its study design is used. After a redesign of the 
CRS related variables in the database all cases 
involving children in CRS were individually reviewed 
in order to fill the new variables also for older cases. 

The data is used to obtain a general overview of the 
CRS types used and detected misuse as well as to 
analyse the injury risks observed for different CRS 
architectures. 

GIDAS ACCIDENT DATA BASE 

In Germany accident data is collected in different 
level of detail and different sample sizes by different 
organisations. These are for example the German 
statistical office that collects and reports all police 
reported road traffic accidents with injuries at a very 
global level and the GIDAS in-depth accident 
database to name two examples. GIDAS (German in-
depth accidents study) is an in-depth accident 
database with comprehensive information 
concerning the accident occurrence, the vehicle 
information as well as personal information such as 
causation and injury information. The methodology 
used is an on-scene investigation of a representative 
subsample of accidents with injuries in the regions of 
Hanover and Dresden which is well capable of 
representing the German accident situation. In total 
approx. 2,000 accidents with injuries are reported 
annually in GIDAS which represents approx. 1% of 
the German accidents with injuries. The team 
normally consists of 2 members for technical data 
collection and one member for the medical data 
collection. The GIDAS data collection is jointly 
sponsored by BASt and FAT. 

With respect to children in cars there are several 
variables that can be used. In the past mainly the 
following variables were coded: 

- ECE weight class(es) 
- Kind of attachment of the CRS 
- Orientation of the CRS 
- Make, model and approval no. 
- Availability of an impact shield 

An important problem w.r.t. to the availability of 
data for children was that the CRS were often 
removed from the accident car before the arrival of 

the accident research team in order to use the CRS in 
the ambulance if the child was injured or a car of 
relatives/friends to take the child to school etc. in 
case the child was not injured. The accident data 
collection process tasked the technical team 
members to collect the CRS data. Following the 
experience that the CRS was often removed from the 
cars, in 2014 an additional question was attributed 
to the medical team member to ask the parents for 
the CRS architecture (e.g., baby shell, booster etc.). 
After a short monitoring period an additional 
specification was allowed in order to distinguish 
between backless boosters and high back boosters 
within the booster group as well as FF harness seats, 
RF harness seats and impact shield seats within the 
toddler CRS group. In addition variables to better 
describe the used interface between CRS and car, 
the kind of fixation of the child in the CRS, the usage 
of harness, toptether and support leg etc. was 
added.  

Furthermore restraint system misuse is coded in the 
data base. However, restraint system misuse is 
difficult to assess after an accident. 

ACCIDENT STUDY RESULTS 

According to the German national requirements 
children up to including 11 years of age or 150 cm in 
stature, respectively, are obliged to use a suitable 
CRS when travelling in passenger cars. Following that 
children up to including 11 years are considered in 
this study as children. 

Based on the German national accident statistics 
there is a positive trend of the number of killed and 
injured children since the reunion in 1990, see Figure 
1. However, this positive trend is partially caused by 
the German demographics with an absolute 
reduction of the number of children (drop from 1991 
to 2014 by 21%). 
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Figure 1.  Trend of injured and killed children in 
Germany 1991 – 2014. 

When looking at the age of killed children in cars, see 
Figure 2, it is obvious that except for 1 year old 
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children the risk appears to be similar for all ages in 
Germany. One year old children are at much higher 
fatality risk than the others. When comparing the 
situation with Sweden this seems not to be the case. 
However, due to the differences in the total number 
of children being involved in road traffic accidents in 
Germany and Sweden, the Swedish numbers are 
quite small. 
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Figure 2.  Age distribution of killed children in cars, 
comparison between Germany and Sweden. 

For this study all accidents with children as car 
occupants using a CRS (including unknown usage) 
collected between summer 1999 and 2015 that were 

completely coded and reconstructed were reviewed, 
the new variables recoded and the old ones 
completed or corrected if necessary. In total 1452 
child occupants in CRS are included in the sample. 

CRS Use and Misuse  
Of the 1452 recorded children in CRS involved in car 
accidents 417 were involved in accidents with 
vulnerable road users (VRU, such as pedestrians, 
cyclists and motorcyclists) in which no important 
harm for the car occupants are expected. 
Furthermore 364 children were involved in other 
accidents or multiple accidents. Both groups are not 
considered for the investigation of the injury risk; the 
first group because the injury risk in minor in these 
accidents and the last group because the accident 
situation is somehow unclear for further analysis 
within the sample. The latter cases would require a 
case by case analysis. However, for the general 
analysis of CRS use pattern these accident situations 
are also of relevance. 

Table 1. 
Used CRS architecture 

 all accidents accidents with VRU accidents with 
cars, trucks, 

objects 

other and multiple 
accidents 

Children in CRS 1566 417 785 364 
baby shells 88 25 43 20 
toddler seats 
including: 

358 102 165 91 

- harness FF 310 89 142 79 
- harness RF 4 1 3 0 
- shield 13 5 4 4 
boosters including: 631 160 316 155 
- backless boosters 260 74 131 55 
- highback boosters 332 75 166 91 
integrated CRS 
including: 

24 3 11 10 

- integrated 
harness CRS 

18 2 9 7 

- integrated 
booster CRS 

5 0 2 3 

not specified CRS 21 4 9 8 
unknown CRS 
architecture 

444 123 241 80 
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Table 2  
Observed misuse modes depending on CRS architecture 

all CRS baby shell

harness 
other than 
baby shell 

impact 
shield 

high back 
booster 

backless 
booster 

unknown 
and not 

specified 
installation misuse 
including 23 9 9 0 3 1 1 
 - wrong installation 

direction 3 2 1 
 -  wrong belt path 5 3 2 
 -  slack for CRS 

installation 4 3 1 
 -  wrong seating position 

in the car 1 1 
securing misuse including 19 0 4 6 9 0 0 
- upper belt guide not 

used (high back 
boosters) 5 5 

 - impact shield not used 6 6 
 - hight adjustment 

incorrect 2 2 
 - wrong belt path 

(harness) 1 1 
Other 4 2 2 
unknown 9 2 1 6 

 
 

In the accident sample 79 children were seated in a 
baby shell, 305 children were using a toddler seat (of 
which the majority were forward facing harness 
seats) and 589 children were restraint with booster 
seats (318 using a backless booster and 248 using a 
high back booster). Integrated CRS were used by 25 
children of whom 5 were using an integrated CRS 
with 5-point-harness. The CRS was not further 
specified in 4 cases and for 450 children it remained 
unknown whether or not a CRS was used and if a CRS 
was used which kind of CRS was used, see Table 1. 
For the following analysis the 6 toddler CRS that 
were not possible to further specify are considered 
as forward facing harness CRS, the 23 booster CRS 
that were not possible to further specify are 
considered as backless booster and the 5 integrated 
CRS without further specification are regarded as 
integrated booster CRS.  

In only 9 cases the CRS was attached to the car using 
ISOFIX (1 babyshell with base and 8 FF harness 
seats). A support leg was used in 4 cases, while a 
toptether was never observed. 

In 99 of the 1566 cases misuse was reported, see 
Table 2. It is important to note that the detection of 

misuse is very difficult after the accident because the 
child is normally not restrained in the CRS anymore 
and often even the CRS is not in the original position. 
Especially for baby shells, that are often removed 
from the car before releasing the child, the situation 
is completely unclear when recording the accident. 
Therefore it can be expected that misuse is 
systematically underreported in the study and only 
very severe forms of misuse are recognised.  

In contrast to dedicated misuse studies the misuse 
rate recognised in the GIDAS accident sample is with 
6% very small. Normally misuse rates of approx. 65% 
are reported [Müller 2013]. Comparable to other 
studies the installation misuse is mainly applicable 
for smaller children, i.e., using baby shells and 
toddler CRS and the total misuse rate is also higher 
for these children, see Table 2. Notable is the 
relative high number of shield CRS that were used 
without the impact shield (of 12 impact shield CRS 6 
were used without the shield). 

Inappropriate use of CRS is easier to detect in 
accident investigations. Inappropriate use means for 
example to early change from rearfacing to forward 
facing CRS. Although being administratively possibly 
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ok a change to forward facing with an age below 12 
months appears not optimal from the safety point of 
view. In contrast the new regulation for the 
homologation of CRS (ECE R129) does not allow 
forward facing use of CRS for children with an age 
below 15 months. Thirty-two children with an age of 
12 months or less were using a forward facing 
harness type CRS – for children below 15 months the 
number was 39. When looking at all forward facing 
CRS including boosters and shield systems 29 
children were using them with an age of 12 months 
or less and 48 children with an age below 15 months. 
In addition 39 children with an age below 3 years 
were using a booster type CRS.  

Injury Risks 
The injury risks are analysed depending on the type 
of restraint system used divided for the different 
impact directions. As mentioned above in this 
analysis only children involved in car accidents 
against cars, trucks and objects excluding multiple 
accidents were included. That leads to 754 children 
in this group. Furthermore baby shells and rearfacing 
toddler seats are grouped together to rearfacing CRS 
and as already described above the not further 
specified toddler seats are considered as forward 
facing toddler seats and are combined with forward 
facing harness systems and shield systems. Because 
of the low number of shield CRS an isolated analysis 
for these CRS type for different impact 
configurations does not make sense. The not 
specified booster seats are considered as backless 
boosters. The integrated CRS are included in their 
corresponding add-on CRS architecture group. 

In order to distinguish between the impact directions 
in this study the principle direction of force (PDOF) is 
used. The PDOF codes in a clock-like system the 
direction of forces towards the occupant. Frontal 
impacts are those with a PDOF of 11, 12 and 1; for 
lateral impact the PDOF was 2, 3, 4, 8, 9, 10 and for 
rear impact 5, 6, 7. 

In frontal impact accidents the children in rearfacing 
systems have the smallest share of injuries. Severe 
injuries (i.e., MAIS 3+ injuries) are observed only in 
booster type CRS and for children with unknown CRS 
usage (including those were it remained unclear 
whether or not a CRS was used). Children using 
backless booster seats have the highest risk to 
sustain injuries, see Figure 3. For high back boosters 
and forward facing toddler seats the injury risk 
appears to be equal, while RF CRS seem to offer 

better protection and backless booster CRS worse. 
Overall 392 children are involved in frontal impact 
accidents of which 4 sustained MAIS 3+ injuries.  
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Figure 3.  Injury severity depending on CRS 
architecture in frontal impact accidents. 

The accident severity distribution shows comparable 
trends for all types of CRS architectures, see Figure 
4. In approx. 91% the accident severity shows a 
delta-v below 40 km/h. 
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Figure 4.  Delta-v distribution in frontal impact 
accidents. 

In lateral impact accidents with the impact direction 
from the side of the seating position of the child (i.e., 
struck side or near side impacts) the protection level 
is best in forward facing integral CRS, see Figure 5. 
However, the number of cases is quite low following 
that the numbers have to be considered with 
caution, especially because the impact severity and 
the location of the impact with respect to the seating 
position (e.g., impact against the front door and 
seating position in the rear seat) was not taken into 
account. For example only three rearfacing CRS were 
included in the sample. For booster CRS (high back 
boosters and backless boosters) the protection level 
appears very low. There are more injured children 
than uninjured children observed in booster seats. In 
struck side lateral impacts no MAIS 3+ injury was 
observed. In total 75 children are included in this 
group. 
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Figure 5.  Injury severity depending on CRS 
architecture in near side lateral accidents. 

The analysis of the accident severity indicates an 
overrepresentation of medium accident severities 
(10 – 20 km/h) for rearfacing CRS, while for backless 
boosters the accident severity appears to be 
considerably high, Figure 6. Nevertheless the impact 
location is still not considered therefore the 
individual accident severity for the occupant is not 
adequately considered. In total 19% of the accidents 
have a delta-v between 20 and 30 km/h (the area of 
ECE R129 side impact testing) with approx. 71% 
below that level and 9% above. 
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Figure 6.  Delta-v distribution in near side lateral 
impact accidents. 

For far side occupants also occupants using centered 
seats were considered. Comparable to struck side 
occupants in lateral impact accidents the number of 
cases is quite low. However, the location of the 
impact is less important for far side occupants as in 
most of the cases they do not suffer from intrusion. 
The risk to become injured as a far side child in 
lateral impact is generally lower than for struck side 
occupants, see Figure 5 and Figure 7. Comparable to 
near side accidents the protection level in forward 
facing toddler seats appears to be best. In this 
configuration especially backless booster indicate a 
high risk for suffering injuries. In the non-struck side 
accidents no MAIS 3+ injury was observed. In total 
104 children are included in this group. 
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Figure 7.  Injury severity depending on CRS 
architecture in far side lateral accidents. 

Rearfacing CRS in far side occupants are mainly 
observed in accidents with a delta-v below 10 km/h, 
see Figure 8. Especially for backless boosters the 
accident severity in the sample appears to be 
relatively high. 
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Figure 8.  Delta-v distribution in far side lateral 
impact accidents. 

In rear impact collisions the overall injury risk for 
MAIS 1 and 2 injuries seems to be quite high. While 
RF systems and toddler seats seem to offer a 
sufficient protection level this seems to be different 
for booster type CRS, see Figure 9. However, this 
might be caused by differences in age as well. 
Especially babies and toddlers are unable to report 
on whiplash symptoms while the kids normally using 
booster seats are. Also for rear impact collisions no 
MAIS 3+ injury was observed. In total 212 children in 
rear impact accidents are included. 

0
5

10
15
20
25
30
35
40
45
50

RF FF integral highback booster backless booster unknown CRS
architecture

nu
m

be
r 

of
 c

hi
ld

re
n 

[-]

MAIS 0 MAIS 1-2 MAIS 3+ unknown MAIS

 

Figure 9.  Injury severity depending on CRS 
architecture in rear impact accidents. 
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For rear impact accidents the accident severity 
appears equally distributed for all CRS architectures, 
see Figure 10. In approx. 80% of the case the delta-v 
does not exceed 20 km/h. 
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Figure 10.  Delta-v distribution in rear impact 
accidents. 

In addition to front side and rear impact collisions 
also roll-over collisions are analysed, Figure 11. In 
this study all accidents leading to at least a quarter 
turn are included. Furthermore isolated roll-over 
accidents are treated the same way as roll-overs 
following an initial collision. Following that it is 
unclear for this study whether or not the roll caused 
the reported injury.  
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Figure 11.  Injury severity depending on CRS 
architecture in accidents with roll-over (at least a 
quarter turn). 

The first thing to notice for roll-over accidents in this 
study is that the number of unknown injury severity 
and unknown CRS architecture is relatively high, 6 
unknown MAIS and 34 unknown CRS architecture, 
respectively. Independent from the CRS architecture 
the injury risk in roll-over accidents is relatively high, 
Figure 11. There are much more children injured 
than uninjured which is different for all other impact 
types. Among the 91 children being involved in a roll-
over three children were MAIS 3+ injured. However 
for those accidents with a roll-over caused by a 
previous impact the accident severity is expected to 
be considerably high therefore the injury might be a 

result of the initial impact. The accident severity is 
not analysed for roll-over accidents. 

Amongst the 785 children in CRS that were involved 
in accidents with cars, trucks or objects only 4 
sustained MAIS 3+ injuries. All of them were involved 
in frontal impact accidents that account for approx. 
half of the analysed accidents. The severe injuries 
were located at the head or the abdomen. Assuming 
the same share of severe injuries for the other 
impact types the sample size is too small to expect 
MAIS 3+ injuries within the sample for lateral and 
rear impact accidents.  

CONCLUSIONS 

The study analysis completely coded and 
reconstructed accident data of the GIDAS accident 
data base from the years 1999 to 2015 involving 
children as car occupants using a CRS (including 
those where CRS usage was unknown). In total 1566 
children are included of which 417 had an accident 
with a vulnerable road user, 785 had an accident 
with a car, truck or object and 364 had multiple 
impacts or other collisions. For the analysis of injury 
risks only the group with accidents with cars, trucks 
or objects was analysed. 

The analysed accident data indicates that German 
children are relatively well protected when being 
involved in an accident as car occupant that is using 
a child restraint system (CRS). Less than 1% of the 
sample is severely injured (MAIS 3+) and approx. 1% 
of the frontal impact sub group is severely injured. 
For frontal impact only a very small number of 
accidents had an accident severity (expressed in 
delta-v) exceeding the frontal impact test procedure 
(i.e., 50 km/h) according to ECE R44 or ECE R129, 
respectively. For lateral impact there are more 
injured children than for frontal impact indicating a 
higher injury risk.  

Misuse and inappropriate use of CRS was detected 
only in a small number of cases. However, misuse is 
difficult to detect after accidents due to changes in 
the securing situation between the time of impact 
and the arrival of the research team at the scene. For 
this reason it would be interesting to compare the 
results of misuse field studies from the accident 
collection areas with the accident data. A relatively 
often observed misuse mode was the nonuse of an 
impact shield which occurred in approx. 50% of the 
cases with shield CRS. 
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Only a very small number the CRS was attached to 
the car using ISOFIX. The use of a toptether was 
never reported in the accident data sample.  

In the future children not using a CRS shall be 
included in the study as an additional subgroup. 
Furthermore it appears to be sensible to analyse the 
multiple and other impacts for inclusion in the 
analysis. 
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ABSTRACT 
 
In 2011 NHTSA made changes to the NCAP frontal 
full-width test rating that introduced a chest 
deflection metric. The dummy seating protocol did 
not specify routing procedures that consistently 
control shoulder belt positioning on the dummy. 
Thus, most NCAP tests were conducted with the D-
ring in the fully up position, placing the shoulder belt 
far above the center chest potentiometer.  

Sled and full-vehicle crash tests of a 2011 Dodge 
Caliber demonstrated that for the 5th percentile 
small female passenger dummy, the high D-ring 
position causes the belt to cross the chest above the 
location of the deflection potentiometer. The ribeye 
gauges show that this belt configuration produces 
deflection measurements that are higher than those 
measured by the center potentiometer. 

The differences in chest deflection measurement 
caused by variations in belt routing are not trivial. 
For the Caliber, the NHTSA NCAP test produced a 
chest deflection of 11.8 mm, corresponding to a risk 
of serious chest injury for older females of 0.6%. A 
crash test conducted by IIHS under the same 
conditions but with the belt routed across the 
deflection potentiometer produced a chest 
deflection of 34.5 mm, corresponding to a risk of 
serious chest injury for older females of 44.7%. 
 
 
 
 

INTRODUCTION  
 
Beginning with Model Year 2011, NHTSA introduced 
a wide variety of changes to the nature and 
structure of the NCAP rating program [Federal 
Register 2008]. The more significant changes, as they 
apply to the measurement of chest injury risk in the 
portion of the program involving frontal crash 
protection, included: 
 

 substituting chest deflection in place of chest 
acceleration to assess chest injury risk; 

 including new chest injury risk functions for 
chest deflection; 

 substituting a Hybrid III 5th percentile female 
dummy for the 50th percentile male dummy 
in the front right seating position; and 

 positioning the right front passenger seat in 
the forwardmost position. 

 
Other relevant changes in 2011 NCAP included: 
 

 adopting a 15 ms HIC in place of the 36 ms 
HIC to assess head injury risk; 

 expanding the body regions monitored to 
include the neck; 

 selecting injury risk functions that shifted the 
emphasis from AIS 4+ injury risk to AIS 3+ 
injury risk in the case of the head, neck and 
chest; 

 adding AIS 2+ injury risk in the case of the 
knee-thigh-hip (KTH) complex; and 

 creating and applying a combined injury risk 
(CPI) metric to calculate overall injury risk to 
the above-mentioned four body regions. 
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The combined injury risk (CPI) metric was defined as 
follows: 

CPI = 1 - (1-Phead)(1-Pneck)(1-Pchest)(1-Pkth) 

where: 

Phead = Probability of an AIS3+ head injury based 
on HIC 

Pneck = Probability of an AIS 3+ neck injury based 
on Nij or axial force 

Pchest = Probability of an AIS3+ chest Injury based 
on chest deflection  

Pkth = Probability of an AIS2+ KTH injury based on 
femur Loads 

The maximum combined injury risk for a five-star 
rating was set at 10 percent. 

The chest injury risk function for the 2011 NCAP 
appears on p. 40026 of the 2008 Federal Register 
Notice. When compared with age-related risk curves 
developed by Laituri et al., the curve corresponds to 
a 35-year-old male [Laituri et al. 2005].  
 
Subsequent to the introduction of the 2011 NCAP, 
Digges et al. [2013] proposed an NCAP rating system 
for seniors, subsequently known as a “Silver Rating.” 
The suggested rating used chest injury risk functions 
based on the higher vulnerability of seniors to chest 
injuries and the higher risk of death associated with 
these injuries.   
 
When exposed to frontal crashes, the injury risks for 
the elderly population differ from those of younger 
people in terms of both tolerance to impact and the 
body region most susceptible to life-threatening 
injuries. Numerous studies have shown that the 
chest region is much more vulnerable to life-
threatening injuries for the older population 
[Augenstein et al. 2005, Kent et al. 2005, Ridella et 
al. 2012]. Augenstein et al. [2007] noted that elderly 
occupants in the right front seating position have 
fatality rates that are 42% higher than those of 
elderly occupants in the driver seat. Age dependent 
injury tolerances of the chest have been proposed by 
several researchers [Zhou et al. 1996, Laituri et al. 
2005 and Prasad et al. 2010].  
 
With the resulting increased weighting of chest 
injuries relative to other body regions proposed by 
the authors, the accuracy of the chest injury 

estimates based on chest deflection from test data 
becomes critically important. Chest compression is 
measured by a single chest deflection gauge at the 
centerline of the sternum of the dummy. The path of 
the shoulder belt relative to the deflection gauge 
depends on belt anchor locations and particularly 
the location of the D-Ring, which is not specified in 
the NCAP test procedure relative to the location of 
the dummy chest deflection device. This could lead 
to unacceptable variability in estimated chest injury 
risk.   
 
The variation of the chest deflection measurement 
according to belt position on the chest, relative to 
the chest deflection gauge, has been noted in 
passing by several researchers. Horsch et al. [1991], 
tested a belt-restrained Hybrid III dummy and 
reported a 34% reduction in chest compression 
when the belt was placed against the neck, 
compared with a similar test with the belt placed 50 
mm laterally away from the neck. Similar 5th 
percentile female dummy driver and front right 
passenger reductions in chest compression were 
observed in controlled sled tests as belt placement 
moved from the shoulder region to the neck region 
[Tylko et al, 2006]. In sled tests with dummies in the 
rear seat, the shoulder belt configurations showed 
similar chest deflection reductions when the belt 
was moved away from the deflection gauge 
[Yamanski et al. 2011, Tylko et al. 2007, Tylko et al. 
2012]. 
 
OBJECTIVE 
 
The objective of the present research was to assess 
how variations in belt positioning across the chest, 
stemming from the location of the seatbelt upper 
anchorage D-ring and seat track position, influence a 
Hybrid III 5th percentile female dummy’s chest injury 
measurements in sled tests simulating a 56 km/h 
full-width frontal NCAP pulse and matching full-scale 
rigid-barrier crash tests. 
 
METHODOLOGY AND DATA SOURCES 

The 2011 Dodge Caliber was selected for the sled 
tests and full-scale crash vehicle. This selection was 
based on a previous analysis of the effect of belt 
positioning, in which it was observed that NCAP and 
FMVSS 208 had differences in the specifications for 
the D-ring position that greatly affected the resulting 
chest deflection output in tests of the Caliber. 
[Haight et al., 2013] 
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Haight et al. compared the results of an FMVSS 208 
test of a Caliber at 48 km/h, with that of an NCAP 
crash test at 56 km/h. In the FMVSS 208 test the D-
ring was positioned in the mid position, while in the 
NCAP test the D-ring was positioned in the 
uppermost position (Figure 1). Higher chest 
deflection was observed in the lower speed FMVSS 
208 test. Since the crash speeds were different, the 
test results were not directly comparable but 
pointed to the need to study belt geometry effects 
on chest deflections.  

 

 

Figure 1. Shoulder belt routing of small female 
right front passenger dummy in official NCAP test 
of Dodge Caliber 
 

The present research focused on a 5th percentile 
female dummy in the right front passenger seat in 
the 56 km/h NCAP condition. A Dodge Caliber buck 
was created by PMG Technologies and a series of 
sled tests were conducted using a crash pulse 
representing a 56 km/h full-frontal rigid barrier test. 
The time to fire airbags and seatbelt pretensions was 
matched to the official NCAP times.  

The official NCAP test of the Caliber and a second 
full-scale vehicle test conducted by the Insurance 
Institute for Highway Safety in accordance with 
NCAP procedures were used to validate the results 
of the sled test series and demonstrate in a full 
vehicle crash environment the extent to which belt 
routing influences chest measures. 

The sled test matrix examined combinations of D-
ring positions and seat track locations on belt 
routing and resulting chest injury measures (Table 
1).   

Table 1.  
Sled test matrix for small female right front 

passenger 

D-ring height 

Seat track position 

Forwardmost Midtrack 

Highest X (matching vehicle 
test) 

X 

Lowest X (matching vehicle 
test) 

X 

 

The chest instrumentation for the PMG sled tests 
included both the center chest potentiometer, as 
used in the NCAP tests, and the ribeye. [Tylko et al., 
2007]. This combination of instrumentation provided 
a comparison of the symmetry of the chest loading 
and the extent of the deflection away from the 
center gauge. However, the significance in terms of 
injury risk of the asymmetrical loading measured by 
the ribeye has yet to be determined. 

The small female dummy’s chest was marked with a 
grid of targets to observe the differences in belt 
routing and measure distance from the belt to the 
center chest potentiometer, which at rest is located 
at the lowest center target. The target locations are 
shown in Figure 2. This grid was applied to both the 
dummies in the sled tests and full-vehicle test. 
Figures 3-4 show the routing of the shoulder belt 
relative to the chest target grid for the sled tests. 
Figure 5 shows the routing of the shoulder belt 
relative to the chest target grid for the full-vehicle 
test conducted by IIHS.  

The test conducted by IIHS was the same as the 
official NCAP test with one exception: The D-ring 
height of full down was chosen instead of the full-up 
position used in the official NCAP test of the Caliber.  
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Figure 2. Small female dummy chest target grid 
for observing variation in belt routing relative to 
center sensor 
  

 

Figure 3. Sled tests of small female dummy, 
forwardmost seat position: D-ring full-up (left),  
full-down (right) 

 

Figure 4. Sled tests of small female dummy, 
midtrack seat position: D-ring full-up (left), full-
down (right) 
 

 
Figure 5. IIHS-conducted Caliber test of small 
female dummy with forwardmost seat position 
and D-ring full-down 
 

RESULTS 

Upper anchorage D-ring location and seat track 
location had a significant effect on belt routing and 
resulting chest deflection measured at the center 
potentiometer both in sled tests and full-vehicle 
tests. A comparison of belt routing differences and 
associated peak center chest deflections for the sled 
tests is shown in Tables 2-3.  
 

Table 2.  
Distance of shoulder belt above center chest 
sensor grid target for sled test matrix (mm) 

D-ring height 

Seat position 

Forwardmost Midtrack 

Highest 116 60 

Lowest 52 38 

 
Table 3.  

Sled test peak chest deflections (mm) 

D-ring height 

Seat position 

Forwardmost Midtrack 

Highest 20.4  33.8 

Lowest 29.8 36.8 

 
In the sled tests, the additional chest measurements 
with the ribeye were compared to the peak center 
chest deflection sensor used for NCAP rating. Figures 
6-9 show the chest deflection histories of the center 
chest potentiometer and individual ribeye 
deflections for each of the sled test conditions. For 
both the forwardmost and midtrack seat positions, 
when the belt is routed closer to the center 
potentiometer (D-ring full-down), the ribeye sensors 
are better aligned with the measurement from the 
center potentiometer, while in the tests where the 
belt is routed further away (D-ring full-up), the 
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ribeye measurements are greater than the center 
potentiometer and more dispersed.  
 
The full-vehicle tests validated the relevance of 
the sled test series. A comparison of belt routing 
and resulting chest deflections between the sled 
and full-vehicle tests is shown in Table 4. Since the 
chest grid was not present on the official NCAP 
test dummy, measures of PBU and PBL were also 
compared as height of the belt relative to the 
dummy torso. A comparison of sled test and full-
vehicle chest deflection histories is shown in 
Figure 10. A comparison of sled-test shoulder belt 
loading is shown in Figure 11. The chest 
deflections for NCAP and IIHS tests are in Figure 
12 and injury risks associated with the NCAP and 
IIHS vehicle tests are shown in Table 5.  
  

 
Figure 6. Chest deflection comparison for sled 
test: forwardmost seat position and D-ring full-
up 
 

 
Figure 7. Chest deflection comparison for sled 
test: forwardmost seat position and D-ring full-
down 

 

 
Figure 8. Chest deflection comparison for sled 
test: midtrack seat position and D-ring full-up 
 

 
Figure 9. Chest deflection comparison for sled 
test: midtrack seat position and D-ring full-down 
 
 

 
Figure 10. Center chest deflection comparison of 
sled tests to NCAP vehicle test 
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Figure 11. Comparison of shoulder belt forces in 
sled tests   
 

 
Figure 12. Center chest deflection comparison for 
full-vehicle tests with varied D-ring positions 
 

Table 4.  
Comparison of matched sled test and full-vehicle 
test setup and resulting chest deflections (mm) 

 Forwardmost seat position 

D-ring full-up D-ring full-
down 

Sled 
test 

Full 
vehicle 
(NCAP) 

Sled 
test 

Full 
vehicle  

Distance from 
belt to center 
sensor  

116 N/A 52 46 

PBU-dummy 
lap plate to belt 
upper edge  

367 364 260 268 

PBL-dummy lap 
plate to belt 
lower edge 

285 292 180 195 

Maximum 
chest deflection  

20.4 11.8 29.8 34.5 

Table 5.  
Vehicle test peak center chest deflections and 

associated injury risks 

 NCAP Test 
High D-ring 

IIHS Test 
Low D-ring 

Chest 
Compression  

11.8 mm  34.5 mm   

 Injury Risk Injury Risk 

Young (35YO) 
Occupant  Risk 
(NCAP Rating 
Based) 

0.6% 15.0% 

Older Female 
Risk; 5% Dummy 
(Digges 2013; 
Prasad 2010) 

0.6% 44.7% 

 
 
DISCUSSION 
 
A key research question addressed in this paper is 
the degree to which locating the belt away from the 
center chest potentiometer changes the chest injury 
measurement. In this typical small car, adjusting the 
upper anchorage D-ring location across the vehicle’s 
range results in large differences in routing across 
the small female dummy’s chest. The forwardmost 
seat position with a full-up D-ring results in the belt 
touching the lower neck, while the forwardmost seat 
position with a full-down D-ring results in the belt 
lying across the dummy’s shoulder, well away from 
the neck. Of more significance is the difference in 
position of the belt relative to the center 
potentiometer, depicted in this study as the lowest 
centered grid target. With the seat forwardmost, the 
lowest D-ring position achieves a much closer 
routing to the center potentiometer, 64 mm closer 
than the full-up D-ring condition, and the belt itself 
overlays the senor.  
 
Moving the dummy’s seat location from 
forwardmost to midtrack inherently brings the belt 
routing closer to the center potentiometer. Full-up 
D-ring was 56 mm closer and full-down D-ring was 
14 mm closer, with both positions achieving some 
overlap of the belt with the sensor. This trend 
suggests that the forwardmost seat position makes 
the belt routing geometry more sensitive to 
variables, especially the D-ring positioning. Should 
NHTSA proceed with a midtrack position for NCAP 
testing in the future, belt routing in general would 
be expected to become more controlled.  
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Belt routing between sled tests and their matched 
vehicle tests was considered consistent, making a 
direct comparison between sled and full-vehicle 
tests valid. The routing in the IIHS test and its paired 
sled test were similar. There were slight differences 
in the NCAP test and matching sled test routing. 
While the belt touched the dummy’s neck in both 
tests and PBU/PBL values were similar, from 
photographic evidence it appears the sled test had 
slightly less overlap on the neck than the 
corresponding NCAP test. The exact difference in 
belt routing cannot be determined since the NCAP 
test did not provide additional comparative 
measures, but it is probable that the higher location 
of the NCAP belt means it crosses the chest even 
further away from the deflection gauge, which may 
account for the lower NCAP chest compression 
reading.  
 
A comparison of shoulder belt forces from the four 
sled test conditions confirms that the deflection 
variations in the test series were dictated by belt 
placement and seat position. The maximum belt load 
was in the range of 5,000 N plus or minus 500 N. The 
higher belt loadings corresponded to the higher 
anchorage locations and the resulting lower chest 
deflections.   

The variations in chest deflections observed in this 
study have much to do with dummy design. As with 
any measuring instrument, a dummy needs to be 
used in the confines of its calibration and intended 
use. The Hybrid III dummy calibration procedure 
involves a 15.25 cm (6”) diameter cylinder impacting 
the dummy chest centered upon the chest deflection 
potentiometer.  This calibration test was based on a 
similar test that established the compression 
response corridors for the human chest, and was the 
basis for the dummy chest design [Kroll 1974].   
Although real-world occupants may position their 
belts so they cross the chest in a variety of locations, 
a dummy, with only a central deflection sensor, 
produces an excessively wide range of 
measurements when an equivalent latitude of belt 
positioning is permitted, as in the NCAP test.   

The ribeye deflection measurements provide an 
evaluation of asymmetry in loading of the chest by 
the restraint system. In configurations in which the 
belt is routed farther away from the center 
potentiometer (D-ring full-up conditions), there is a 
large difference in the peak center sensor and peak 

ribeye sensors. For example, in the forwardmost 
seat D-ring full-up condition, the maximum center 
chest deflection is 20 mm and the highest ribeye 
deflection is 30 mm, with peak deflections ranging 
from 22 to 30 mm for the remaining locations. This 
trend was also true for the midtrack seat D-ring full-
up condition but less pronounced, (peak differences 
of 33.5 mm vs. 37 mm), likely because the belt is 
routed more closely in this condition. In contrast, 
when the belt is routed closer to the center sensor 
(D-ring full-down conditions), the center sensor and 
ribeye deflection sensors are similar in magnitude, 
with a maximum of approximately 30 mm in the 
forwardmost seat track condition and 37 mm for the 
midtrack seat condition. This suggests highly 
symmetric loading of the chest by the restraint. 

Currently, the ribeye has both advantages and 
disadvantages for evaluating chest injury. The use of 
the ribeye appears to be a positive addition to 
evaluating symmetry of chest loading, especially 
when used in a way that reflects the dummy’s chest 
compression calibration procedure and intended 
use.  However, the evaluation of chest injury risk 
measurements in locations away from the center 
deflection sensor may be problematic, due to 
limitations of biomechanical data about the human 
chest response under similar loading.  

Results from these sled tests suggest that positioning 
the seat at midtrack and lowering the D-ring height 
to the lowest setting achieved the best belt routing 
over the dummy’s center chest potentiometer, 
producing symmetric loading across the chest. This 
configuration creates belt routing that more closely 
corresponded to the dummy calibration procedure 
for chest compression response and intended use 
[NHTSA 2008].   

The findings of this study are in general agreement 
with earlier tests looking at varying shoulder belt 
configurations for rear seat occupants. Yamasaki and 
Uesaka, 2011, reported an increase of nearly 18 mm 
in chest deflection due to the belt routing effect over 
the dummy chest. Similar effects have been reported 
by Tylko and Bussières, 2012. 

Better control of belt routing is necessary for future 
comparative evaluations of chest injury to be 
meaningful. If the future NCAP seating protocol 
includes a seat track change from forwardmost to 
midtrack as proposed, belt routing may improve. 
However, neither the current or future NCAP seating 
procedures specify D-ring position.   
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Table 5. 
Recent NCAP D-ring position by  

vehicle make and model 

 

Manufacturers appear to be choosing a full-up D-
ring position.  From a query of recent NCAP test 
setup information, of 33 vehicles with adjustable 
D-rings, 32 were tested with the upper belt 
anchorage for the right front passenger in the 
uppermost position and none tested at lowermost 
(Table 5).  The remedy is not as easy as specifying 
a lower D-ring position, since manufacturers can 
simply redesign the D-ring height adjustment 
range to achieve a certain routing. What is 
currently full up could be redesigned as the full 
down position in future models to essentially 
achieve a similar belt-routing pattern. A dummy-
based procedure should be developed to ensure the 
belt routes across the sensor in a way that 
corresponds to the intended use of the dummy. 

The differences in belt routing observed in this study 
have a significant influence on chest deflections and 
their associated predicted injury risk, especially 
when considering risks for elderly occupants.  A 
comparison of the two vehicle crash tests, the 
official NCAP test (D-ring full-up and forwardmost 

seat position), with the belt routed high, touching 
the dummy’s neck, and the IIHS conducted test (D-
ring full-down and forwardmost seat position), with 
the belt routed close to the chest sensor, highlights 
the importance of controlled routing to dummy 
sensor output.  The NCAP test deflection of 11.8 mm 
is associated with a low risk of AIS 3+ injury — 0.6% 
using the NCAP risk curve (occupant age 35). In 
contrast, with improved belt routing, the IIHS test 
deflection of 34.5 mm is associated with a relatively 
higher risk of 15%. A combined body region risk of 
less than 10% is needed for a 5-star rating.  

In contrast, applying the Prasad risk curve for older 
female occupants to the IIHS test deflection of 34.5 
mm produces the substantially higher chest injury 
risk of 44.7%.   

 
CONCLUSIONS 
 
In 2011 NHTSA made changes to the NCAP frontal 
full-width test rating that included the introduction 
of a chest-deflection metric. However, the dummy 
seating protocol did not specify routing procedures 
that consistently control shoulder belt positioning on 
the dummy. Thus, most NCAP tests were conducted 
with the D-ring in the full-up position, placing the 
shoulder belt far above the center chest 
potentiometer used for rating.  

Sled and full-vehicle crash tests of a 2011 Dodge 
Caliber demonstrated that for the 5th percentile 
small female right front passenger dummy, the 
official NCAP setup of forwardmost seat position and 
D-ring full up places the shoulder belt high on the 
chest, away from the center potentiometer, 
producing low chest deflections due to dummy 
construction.  

Sled test combinations in which the seat was moved 
to midtrack or the D-ring lowered to full down 
improved the belt routing relative to the center 
potentiometer significantly, increasing maximum 
chest deflections and utilizing the dummy in a 
condition more like the one it was designed for. 
However, another vehicle with a different belt 
geometry (higher D-ring) could nullify this 
observation. 

The patterns of belt routing and chest deflection in 
this study are in general agreement with other 
studies focused on rear-seat occupants and varying 
shoulder belt configurations.   
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The ribeye chest measurement system was a good 
indicator of symmetry in shoulder belt chest loading.  
For belt placement away from the center 
potentiometer, the ribeye indicated a wide range of 
deflections with the maximum deflection greater 
than the center potentiometer.  For belt placement 
close to the center potentiometer, the ribeye and 
center sensor indicated similar deflections.   

This study suggests a vehicle’s NCAP chest rating is 
highly dependent on shoulder-belt routing. In the 
official NCAP test (D-ring full up), the belt routed 
across the dummy’s neck and produced a chest 
deflection of 11.8 mm. In the IIHS test (D-ring full 
down), the belt routed across the center sensor and 
produced a chest deflection of 34 mm. Based on the 
Prasad older female chest injury risk function for the 
5th percentile female the AIS 3+ injury risk increases 
from 0.6% with the NCAP routing to 44.7% with the 
routing from the IIHS test.  [Digges et.al. 2013, 
Prasad et al., 2010]  

Meaningful comparative vehicle assessments can 
only be made if the belt routing across the dummy’s 
chest is done consistently and correctly from test to 
test. This is especially relevant to a Silver NCAP 
Rating because the chest injury risk for older 
occupants is 4-5 times that of younger occupants 
[Digges et al., 2013] and therefore should carry more 
weight. 
 
A dummy landmark-based belt positioning 
procedure should be developed to replace the 
vehicle body-based D-ring procedure. This would 
ensure that belt location relative to the chest 
deflection potentiometer can be more carefully 
specified and controlled. 
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 ABSTRACT 

Background: In 2015, over 5300 pedestrians were fatally injured in U.S. traffic crashes.  One benefit of emerging 
autonomous vehicles is that this technology may not only eliminate many driver errors, but could also eliminate or 
mitigate many of these pedestrian collisions.  However, to achieve this goal, the vehicle must have sufficient time 
to detect and respond to the many ways in which vehicle-pedestrian collisions can occur.  Depending on how early 
a potential collision is detected, countermeasures could include automated emergency braking (AEB), and 
deployment of an external airbag.  The objective of this study was to determine the potential reduction in pedestrian 
crashes which could be achieved by a fully autonomous vehicle (AV).    

Methods:  This study was based upon 523 in-depth vehicle-to-pedestrian crash investigations extracted from the 
NHTSA Pedestrian Crash Data Study (PCDS).  The approach was to codify AV performance as one of two 
comprehensive rule-based algorithms describing ideal AV driving behavior.  The first algorithm was comprised of 12 
rules which would constrain the AV to never violate traffic rules, e.g. failure to yield to a pedestrian in a crosswalk. 
The second algorithm was comprised of 13 additional rules which constrained the AV to drive cautiously in situations 
which could contain potential pedestrian conflicts, e.g., children darting out from between parked cars.  Both 
algorithms were applied to each of the 523 cases assuming that the striking vehicle was an AV rather than the 
original car.  We then reconstructed the earliest opportunity for an AV to detect the pedestrian, and potentially 
avoid the crash in each case.    

Results: A total of 40% of the crashes in our dataset were the result of a driver violation, i.e. cases which the AV 
under Algorithm 1 would avoid.  In the balance of the Algorithm 1 cases in which there was no driver violation, 
nearly 80% of the pedestrian were visible for over 1 second – allowing activation of AEB.  For an AV equipped with 
Algorithm 2, all but 27 of 523 pedestrian conflicts would have been avoided.  In most of these cases, there was 
sufficient time to activate AEB.  However, there was one case in which a pedestrian would still be struck despite 
application of the rigorous Algorithm rules. 

Discussion:  This study found that even with idealized performance, perfect sensors and ideal weather, not all 
pedestrian conflicts could be avoided.  Limitations in this study included the inability to account for pedestrian 
occlusion, the assumption of ideal weather, and no sensor degradation.   Accounting for these factors would likely 
decrease the number of pedestrian crashes which could be avoided.   

Conclusions:  Even under best case conditions it is unlikely that an ideal AV could avoid every pedestrian to vehicle 
crash. Therefore, an AV will require safety features, such as a pedestrian-friendly front structure or an external 
airbag, to protect pedestrians.  This study is the first of its kind to estimate the potential safety benefits of an AV in 
pedestrian crashes and has important implications for both automakers and regulatory bodies.    
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INTRODUCTION 

In 2015, 5,376 pedestrians were killed in traffic 
crashes accounting for 15% of all traffic related 
fatalities in the U.S (NCSA, 2017). One benefit of 
emerging autonomous vehicles will be that this 
technology may not only eliminate many driver 
errors, but may also eliminate many pedestrian 
crashes and deaths.  However, to achieve this goal, 
the vehicle must be capable of detecting and 
responding to the many ways in which vehicle-
pedestrian collisions occur.  One method of 
determining how a vehicle would perform in the 
traffic environment is to analyze a large set of real-
world crashes, and determine if the vehicle could 
have prevented or at least mitigated the crash in each 
case.  Our study will follow this approach using case 
data collected in the Pedestrian Crash Data Study 
(PCDS) by NHTSA (1996). 

There are three methods by which the assumed 
autonomous vehicle could respond to an impending 
crash: automated emergency braking, pedestrian 
airbags, and a soft, pedestrian-compliant, front 
structure design. Automated emergency braking can 
slow and sometimes stop the vehicle if a pedestrian is 
detected with sufficient time before impact. This 
method has the potential to avoid a crash and reduce 
the risk of injury if the crash cannot be avoided as 
injury risk is a strong function of impact speed (Rosén 
et al, 2011). If the crash cannot be prevented, a 
pedestrian external airbag could be deployed to 
prevent the pedestrian from striking rigid points on 
the vehicle such as the A-pillars or the base of the 
windshield. The final line of defense would be a soft 
front structure. The structure would deform when the 
pedestrian impacted the vehicle to absorb impact 
energy and lessen injury severity.  Individually, no 
method can prevent crashes or injuries in every 
vehicle-pedestrian interaction, but when combined, 
these countermeasures would ensure at the very 
least a lower impact speed, and fewer rigid structures 
for a pedestrian to strike. 

OBJECTIVE 

The objective of this study was to determine the 
potential reduction in pedestrian crashes which could 
be achieved by a fully autonomous vehicle. 

 

APPROACH 

Data Source 
The study was based upon cases extracted from the 
Pedestrian Crash Data Study (PCDS).  PCDS consists of 
549 in-depth vehicle-to-pedestrian crash 
investigations collected from 1994 to 1998 from six 
U.S. urban areas.  The six data collection areas for 
PCDS were the cities of Buffalo, NY; Ft. Lauderdale 
and Hollywood, FL; Dallas, TX; Chicago, IL; Seattle, 
WA; and San Antonio, TX. The PCDS provides cases 
from a diverse set of urban regions with a wide range 
of weather conditions and roads, ensuring a broad 
scope of possible environments for the vehicle to 
encounter.   

PCDS is the most recent publicly available pedestrian 
crash study in the U.S.  The strategy in using this older 
dataset is that, although vehicles in the 2015-2017 
time frame will be much different than in 1994-1998, 
the types of vehicle-pedestrian conflicts, e.g. children 
dodging out from between parked cars, are unlikely 
to have greatly changed.  In this study, the PCDS will 
be used exclusively as a source of pedestrian-vehicle 
potential conflicts to explore crash avoidance 
opportunities and limitations.   Our study will not use 
PCDS for analysis of injury outcomes. 

Cases were included in PCDS if they met the following 
criteria. First, each case involved a collision between 
a pedestrian and car or light truck.  In PCDS, a 
pedestrian was defined to be any person on the 
roadway, sidewalk, private property, or a path 
adjacent to the roadway including persons in contact 
with the ground or roadway who may be pushing 
carts or wagons or holding onto a vehicle. Secondly, 
the crash itself had to meet the following conditions: 
(a) must include a forward moving, late model year 
(at the time of the study) applicable vehicle, (b) the 
striking portion of vehicle structure must be original 
equipment manufacturer (OEM) without previous 
damage and/or parts removed in the impact area (ex: 
no deer guards, winches, or snow plows), (c) the 
pedestrian impact(s) were the vehicle’s only impact(s) 
and (d) the first point of contact between the vehicle 
and the pedestrian must be forward of the top of the 
A-pillar. Finally, the case was excluded if the vehicle 
or pedestrian (or surrogate in case of fatality) could 
not be located / interviewed and the vehicle damage 
measurements were not obtained within 24 hours of 
the crash.  

If a crash involved more than one pedestrian, each 
pedestrian was regarded as a separate case. The final 
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dataset was comprised of 531 crashes involving 549 
individual pedestrians.  The PCDS case data were 
available in two formats: a SAS dataset - in which all 
cases are available, and PDFs of the actual scanned 
case reports for 527 crashes involving 545 individual 
pedestrians. The scanned case reports included scene 
diagrams, distance measurements, scene photos in 
some cases, a prose description, a pedestrian 
assessment detailing the pedestrian’s actions leading 
up to the crash and the injuries sustained, assessment 
of the driver actions before and after the crash, 
vehicle damage, as well as roadway details, and 
pedestrian and driver interviews. 

Hypothetical Autonomous Vehicle Algorithm 
The algorithms by which an AV would detect and 
respond to a potential pedestrian crash are highly 
proprietary and still under development by AV 
designers.   

In our study, our approach was to instead codify AV 
performance as one of two comprehensive rule-
based algorithms describing ideal AV driving 
behavior.  The first algorithm was comprised of 12 
rules which would constrain the AV to never violate 
traffic rules, e.g. failure to yield to a pedestrian in a 
crosswalk. The second algorithm was comprised of 13 
additional rules which constrained the AV to drive 
cautiously in situations which could contain potential 
pedestrian conflicts, e.g., children darting out from 
between parked cars.  When an AV under Algorithm 
2 rules encountered a potentially hazardous 
situation, the vehicle would drive cautiously, more 
slowly, and even increase the distance to other 
vehicles.  Algorithm 1 rules are shown in Table 1. 
Algorithm 2 rules are shown in Table 2. 

Table 1. Algorithm 1 for a Hypothetical 
Autonomous Vehicle 

Rule The Ideal Autonomous Vehicle: 

1 Will not exceed the speed limit. 

2 Will not turn across the path of other 
oncoming vehicles (e.g. intersection 
judgement error) 

3 Will not turn into a flow of traffic without a 
clear view of oncoming traffic (including 
pedestrians and other vulnerable road 
users) and there being sufficient space. 

4 Will yield to traffic that has right of way at 
intersections, side streets, etc. 

5 Will stop at red lights, stop signs, railroad 
signs, crosswalks, etc. 

6 Will not run into another stationary vehicle 
or barrier, etc. 

7 Will keep a safe following distance to the 
vehicle ahead in the same lane. 

8 Will not change lanes into the safe zone in 
front of another vehicle (i.e. will not cut in 
front of vehicles travelling at speed) 

9 Will not lose control due to travelling too 
fast for a corner (except perhaps ice) 

10 Will not overcorrect when making an 
evasive maneuver  

11 Will never cross center lane or leave the 
roadway due to impairment or distraction 

12 Will not have vision compromised by glare, 
a wet/dirty windshield or any other 
visibility problems, e.g., fog, rain, or snow. 
(AV sensors are better than human 
sensors) 

 

Table 2. Algorithm 2 for a Hypothetical 
Autonomous Vehicle 

Rule The autonomous vehicle will drive 
cautiously when: 

1 Any vehicle is stopped in front of it in a 
normal driving area of a roadway.  

2 Pedestrians are present at an uncontrolled 
intersection (no traffic light) 

3 Pedestrians are present on the 
sidewalk/road edge. Any of the following 
factors may increase the risk: 
a. Children 

b. Ball sports 

c. Anything involving wheels, e.g.bikes, 

scooters, trolley etc. 

d. Dogs 

e. Frequent directional changes 

f. drunkenness/un-coordination 

g. Any pedestrian moving with a constant 

velocity towards the road 

4 Pedestrians are present on the central 
median strip 

5 Cars are parked on the road side 

6 Car door is opening on a parked car along 
the road edge 

 

Case Review Procedure 
The scene diagrams, prose summaries, and the 
reported driver/pedestrian actions in each hardcopy 
case file was examined individually using to 
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determine whether an autonomous vehicle could 
have avoided the collision or mitigated the severity of 
the collision.  Scene diagrams from 4 of the 527 
collisions crashes did not have sufficient detail for the 
examination and were dropped from the analysis. 

Both algorithms were applied to each of the 523 cases 
assuming that the striking vehicle was an AV rather 
than the original car.  Cases that did not violate any of 
the Algorithm 1 rules were then checked for 
compliance with the Algorithm 2 Rules. The 
“Algorithm 2 Rules” defined risk mitigation that could 
govern a fully autonomous vehicle. If the vehicle was 
in a scenario that coincided with one or more of the 
Algorithm 2 rules, it was assumed that the vehicle 
would drive cautiously, more slowly, and even 
increase the distance to other vehicles in the 
following situations.   If a case broke an Algorithm 2 
Rule, this case was evaluated for the countermeasure 
deployment.  

Time to React 
The distance traveled by the pedestrian from the 
point of earliest detection until the point of impact 
was estimated from the scene diagram drawn by the 
case investigator.  The point of earliest detection was 
assumed to be the edge of the roadway, or the 
portion of the roadway where the pedestrian first 
became visible, e.g. after emerging onto the road 
from between parked cars.  Because this distance was 
not always annotated on the scene diagram, our 
study used the number of lanes crossed by the 
pedestrian as a surrogate for the distance traveled, d. 
Each lane was assumed to be 3 m wide, giving 𝑑 =
3𝑚 ×  𝑛𝑙𝑎𝑛𝑒𝑠 𝑐𝑟𝑜𝑠𝑠𝑒𝑑 .  The time to react was 
computed using an assumed pedestrian travel speed.  
The PCDS investigators recorded whether the 
pedestrian was walking or running when impacted, 
but would not have been able to reliably specify the 
pedestrian travel speed. Pedestrians reported in 
PCDS as a running adult between the ages of 12 and 
64 years old were assumed to be running at 4 m/s (a 
typical running speed). However, if a pedestrian was 
reported as walking, under the age of 12, or 65 years 
or older, their assumed travel speed was 2 m/s (a fast 
walking speed). The time to react ∆t was then 

computed assuming a constant velocity 𝛥𝑡 =
𝑑

𝑣
  

where v = the pedestrian travel speed.   Note that the 
faster the pedestrian speed, the shorter the time that 
the pedestrian would have been visible to an 
oncoming vehicle. 

A small number of cases involved a pedestrian struck 
while travelling parallel to the flow of traffic. To 
compute a time to react in these cases, the pedestrian 
was assumed to be visible at a distance of 40 m (half 
a city block) by a vehicle traveling at 20 m/s 
(approximately 45 mph).  The time to react would 
then be approximately 2 seconds after accounting for 
pedestrian travel speed. 

Countermeasure Deployment 
Our study considered three countermeasures by 
which an AV could avoid or mitigate a pedestrian 
crash:  automated emergency braking, external 
deployment, and a pedestrian-friendly front 
structure.  We assumed that automated emergency 
braking could be activated if a pedestrian was visible 
for at least one second before impact. This time 
interval would provide sufficient time for (a) the 
vehicle to detect and confirm that a pedestrian was in 
or about to enter into the vehicle’s path, (b) time to 
activate brakes, and (c) time for the vehicle to 
decelerate to avoid the impact.  If a pedestrian 
suddenly appeared with less than 1 second warning, 
we assumed that a pedestrian airbag could be 
deployed given a time to collision of at least 0.5 
seconds.  This time interval would provide sufficient 
time for (a) the vehicle to detect and confirm that a 
pedestrian was in or about to enter into the vehicle’s 
path, (b) time to activate brakes and slow the car, and 
(c) time to deploy an external airbag prior to impact.  
For cases in which the pedestrian appeared with less 
than 0.5 seconds before impact, we assumed that 
there would not be sufficient time to either activate 
automated emergency braking or deploy an external 
airbag. 

The relationship between time to react and the 
associated countermeasure is shown in Table 3: 

Table 3. Countermeasure Response Time 
Requirements 

Group Countermeasure Time to 
React 

3 Protection with Pedestrian 
Airbag and / or Speed 
Reduction 

𝛥𝑡 > 1s 

2 Protection with Pedestrian 
Airbag 

0.5s < 𝛥𝑡 ≤ 
1s 

1 Protection with Soft-
Structure 

𝛥𝑡 ≤ 0.5s 
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RESULTS  

The results of applying Algorithm 1 and Algorithm 2 
to the PCDS cases are shown in Table 4 and Figure 1.  
Application of Algorithm 1 to our dataset showed that 
an AV which simply obeyed traffic rules, e.g. yielding 
the right of way to pedestrians in a crosswalk, could 
have avoided 40% of the crashes in our dataset (209 
of the 523 crashes).    The addition of Algorithm 2 
rules to Algorithm 1 could prevent an additional 55% 
of crashes (287 of 523 cases) for a total of 95% of 
pedestrian crashes avoided.  The 5% balance of 
crashes (27 of 523) cases would require the 
deployment of pedestrian countermeasures, i.e. AEB, 
external airbags, and a pedestrian-friendly front 
structure. 

Table 4. Results of Autonomous Vehicle Algorithms 
in PCDS Cases 

Case Classifications 

Classification Case Count Percentage 

Crashes Avoided 

using Algorithm 

1 

209  40% 

Additional 

Crashes Avoided 

using Algorithm 

2  

287  55% 

Conflicts not 

avoided 

27  5% 

TOTAL 523 100% 

 

 

Figure 1. Performance of Autonomous Vehicle 
Algorithms 1 and 2 in PCDS Cases 

 

Table 5 presents the number of violations of 
Algorithm 1 rules.  The three leading violations were 
a) failure to yield, b) turning into a flow of traffic 
without a clear view of potential obstructions, e.g. 
pedestrians, and c) speeding.  Note that some drivers 
may have violated multiple rules. 

Table 5. Algorithm 1 Rule Violations 

Algorithm 1 Rule Violation # of violations 

1. Speeding 21 

2. Turn across path of 

oncoming traffic 

0 

3. Turn into flow of traffic 

without a clear view 

87 

4. Failure to yield 84 

5. Failure to stop at a traffic 

signal 

1 

6. Run into another stationary 

vehicle/barrier 

0 

7. Unsafe following distance 0 

8. Cut in front of another 

vehicle 

6 

9. Control lost after traveling 

too fast around a corner 

1 

10. Overcorrecting from an 

evasive maneuver 

1 

11. Center lane crossed due to 

impairment/distraction 

1 

12. Vision compromised by 

glare or dirty windshield 

3 

13. Other violations  

 Distracted driving 3 

 Driving at night with 

headlights off 

1 

 Hit and run 6 

 

Table 6 presents the number of violations of 

Algorithm 2 rules.  Note that some drivers may have 

violated multiple Algorithm 2 rules. An AV following 

Algorithm 2 would comply with all traffic regulations 

(Algorithm 1) and would also operate like the most 

cautious human driver.  Algorithm 2, for example, 

would detect a pedestrian walking or running toward 

the edge of the roadway and to be cautious would 

assume that the pedestrian might continue along this 

40%

40%

55% 5%

60%

0% 20% 40% 60% 80% 100%

Algorithm1+ 2

Algorithm 1

Crashes Avoided - Algorithm 1 Crashes Avoided - Algorithm 2

Conflicts not avoided
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path from off-road onto the roadway (132 of 373 

violations).  The Algorithm 2 equipped AV would drive 

cautiously near cars parked on the side of the road (65 

of 373 violations), and in the presence of children (48 

of 373 violations).  

Table 6. Algorithm 2 Rule Violations 

Algorithm 2 Rule Violation # of violations 

1. Vehicle stopped in front of 

driver 

38 

2. Pedestrians at an 

uncontrolled intersection 

17 

3. Pedestrians on the 

sidewalk/road edge 

9 

3a. Children 48 

3b. Ball sports 5 

3c. Anything involving wheels 0 

3d. Dogs 0 

3e. Frequent directional 

changes 

9 

3f. Drunkenness/Un-

coordination 

14 

3g. Pedestrian with a 

constant velocity towards the 

road 

132 

4. Pedestrians in the median 

of the road 

29 

5. Cars parked on the side of 

the road 

65 

6. Car door opening on the 

side of the road 

7 

 

An AV equipped with Algorithm 1 would have still 
encountered 60% of the pedestrian conflicts in PCDS, 
and would need to deploy vehicle-pedestrian 
countermeasures.   The cumulative distribution of the 
available reaction time for all crashes in which the 
driver was not at fault is pictured in Figure 2. Note 
that the assumed pedestrian walking / running speed 
greatly affects the time available to a driver or AV to 
react to a pedestrian in the roadway.  Using 
pedestrian speeds (walking – 2 m/s and running 4 
m/s) based on investigator-recorded pedestrian 
behavior, 19% of AVs would have had 1 second or less 
to react to a pedestrian in the roadway.  However if 
all pedestrians were running (pedestrian speed = 
4m/s), approximately 40% of AVs would have had 1 

second or less to react to a pedestrian in the road.  
Under the less restrictive bound of all pedestrians 
walking, (pedestrian speed = 2 m/s), 18% of AVs 
would have had 1 second or less to react.   

 
Figure 2. Distribution of Reaction Times for 

Algorithm 1 equipped AVs 

 

Table 7. Time to React to Pedestrian Conflict for 
Vehicles with Algorithm 1 

Time to React Counter-

measure  

Case 

Count 

% 

𝛥𝑡 >= 1s Automated 

Emergency 

Braking 

250 79.6% 

0.5s < 𝛥𝑡 < 1s External 

Airbag 

34 10.8% 

𝛥𝑡 ≤ 0.5s Pedestrian 

Collision 

23 7.3% 

Unknown/Not 

Evaluated 

Not 

evaluated 

7 2.2% 

TOTAL  314 100% 

 

As shown in Table 7, most Algorithm 1 AVs (79.6%) 
would have had sufficient time to deploy automated 
emergency braking to avoid the collision.   In 10.8% of 
the conflicts, the AV would have had sufficient time 
to deploy an external airbag.   However, in over 7% of 
the collisions, the Algorithm 1 vehicles would have 
still struck the pedestrian.   In these cases, there 
would have been insufficient time to either brake to 
a stop or fully deploy an external airbag. This finding 
illustrates the need for AVs to continue to have 
pedestrian-friendly front structures. 
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An AV equipped with Algorithm 1 and 2 would have 
still encountered 27 pedestrian conflicts in our 
dataset.  Table 8 presents the time that this AV would 
have had to react to these conflicts and the 
associated countermeasure that would be deployed.  
Most of the remaining conflicts (88.9%) encountered 
by an AV with Algorithm 2 could be avoided or 
mitigated by activation of automated emergency 
braking.   

Table 8. Time to React to Pedestrian Conflict for AVs 
equipped with Algorithm 2 

Time to React Counter-

measure  

 

Case 

Count 

% 

𝛥𝑡 >= 1s Automated 

Emergency 

Braking 

24 88.9% 

0.5s < 𝛥𝑡 < 1s External Airbag 

 

0 - 

𝛥𝑡 ≤ 0.5s Pedestrian 

Collision 

1 3.7% 

Unknown/Not 

Evaluated 

Not evaluated 2 7.4% 

TOTAL  27 100% 

 

After evaluating all PCDS cases for an AV with 
Algorithm 2, only a single case would have still 
resulted in a collision without deployment of the 
external airbag or AEB activation.   PCDS case 96-
82611, pictured in Figure 3, involved a woman 
running through the vegetation of a median, 
obscuring the vehicle’s view of her, and directly into 
the path of the vehicle. The available time for reaction 
was estimated to be 0.375s, less than the time 
needed to deploy a pedestrian airbag or activate 
automated emergency braking. The situation 
involved none of conditions enumerated in Algorithm 
2 to alert the car to drive cautiously. The impact speed 
was estimated to be 31 kph (19 mph).  The 
pedestrian’s most severe injuries were tibia and 
fibular head fractures.  

 
Figure 3.  Scene Diagram for the single case which 

would result in an AV-pedestrian collision after 
application of Algorithm 1 and 2 rules 

DISCUSSIONS AND CONCLUSION 

This study found that only one case out of 523 would 
have still resulted in a collision with our ideal 
autonomous vehicle before countermeasures could 
be deployed.  The implications are, however, that it is 
unlikely that every pedestrian to vehicle crash can be 
avoided – even with an ideal autonomous vehicle. 
Therefore, an autonomous vehicle will require safety 
features, such as a soft, pedestrian-safe, front body 
structure or a pedestrian airbag, to mitigate the 
effects of one of these collisions. These features must 
take into account the wide variety of unique scenarios 
a fully autonomous vehicle will confront. Its safety 
features cannot be tailored to the majority of the 
crash events but must account for and perform 
perfectly in every situation if all pedestrian deaths are 
to be eliminated. 

This analysis has provided a first of a kind study of 
whether an ideal autonomous car could avoid or 
mitigate all pedestrian crashes. However, several 
follow-up analyses could be explored to further study 
this issue. Follow-on research should address the 
sensing and response capabilities of an autonomous 
vehicle. Our study assumed perfect sensing 
regardless of weather conditions. Because 40% of the 
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crashes in PCDS occurred under adverse visibility 
conditions which may degrade pedestrian detection, 
understanding how an autonomous vehicle’s sensors 
and braking ability would be affected could provide 
guidance in choosing, placing, and programming 
sensors, developing new ways to see occluded traffic 
signals, and activating countermeasures in adverse 
weather. 

Limitations 
This study had several limitations.  Scene photos were 
only available for a few PCDS cases and pedestrian 
occlusion could not be assessed.  Additional 
limitations included difficulty discerning the available 
time for response and avoidance for cases involving 
pedestrians travelling parallel to the flow of traffic, a 
lack of traffic light signal details, and occasionally 
contradictory or missing information on the reports. 
In addition, this study assumed two hypothetical AV 
algorithms.  Future AV algorithms will likely respond 
in a unique manner to cases involving occluded 
pedestrians, poor visibility conditions, erratic 
pedestrian actions, pedestrians below a certain 
height, and pedestrians travelling parallel to the flow 
of traffic. 
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ABSTRACT 

 

Research Question/Objective: 

The National Highway Traffic Safety Administration (NHTSA) is actively studying the implementation of 

Advanced Automatic Collision Notification (AACN) systems in motor vehicles.  This technology allows motor 

vehicles to notify a Public Safety Answering Point (PSAP), such as a 911 call center, in the event of a severe crash.  

The system provides crash location, vehicle identification information, as well as a prediction of severe injury to 

occupants in the motor vehicle.  This paper describes the development of a statistical model that predicts the 

presence of severely injured and fatal occupants in a motor vehicle involved in a crash. 

 

Methods and Data Source: 

A logistic regression model was developed using data from the 1999 – 2015 Crashworthiness Data System (CDS) of 

the National Automotive Sampling System (NASS).  The binary response variable indicates whether or not a 

crashed vehicle contains a severely injured occupant or a fatally injured occupant, defined by an Injury Severity 

Score (ISS) of 16 or greater.  The predictors are those recommended by the Centers for Disease Control and 

Prevention (CDC) National Expert Panel on Field Triage, which are delta-V, vehicle body type, multiple vs. single 

impact, seat belt usage, and principal direction of force.  The final dataset is at the vehicle level. 

 

Results: 

The area under the receiver operator characteristic curve (AUC) was 0.843, indicating that the model was able to 

discriminate between vehicles with and without severely injured occupants.  At the CDC recommended 0.20 risk 

threshold, the model produced a sensitivity rate of 26%, a specificity rate of 99%, and identified 41% of vehicles 

with a fatally injured occupant.   

 

Conclusion: 

The sensitivity rate at the CDC recommended 0.20 risk threshold missed 59% of vehicles with a fatally injured 

occupant.  A preliminary cost-benefit analysis showed that the optimal threshold was close to 0.008 after 

considering the cost of lives saved versus the cost of overtriaging minor injured people using the AACN algorithm.  

At the 0.008 threshold, 92% of fatal occupants are predicted, the sensitivity is 91%, and the specificity is 60%, 

which comes close to the recommended levels by the American College of Surgeons.   

 

Limitations: 

An AACN system uses data from the event data recorder (EDR) of a vehicle; however, the model developed in this 

paper was trained with data collected from crash investigations, which may differ from EDR data.  Also, this paper 

only considered the logistic regression model, whereas other data mining classifiers which may produce better 

results.  The initial set of predictors was limited to those selected by the CDC Expert Panel. 
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INTRODUCTION 

 

In the event of a crash, an Advanced Automatic 

Collision Notification (AACN) system makes an 

emergency wireless call to a telematics service 

provider to send the vehicle’s GPS location and 

crash-related data, and establishes a voice 

communications channel to the emergency call 

center.  AACN differs from its predecessor, the 

Automatic Collision Notification (ACN) by including 

crash severity data as well as a prediction of severe 

injury.  The prediction of severe injury is 

recommended to be used as part of the Emergency 

Medical Services (EMS) triage protocol (National 

Center for Injury Prevention and Control, 2008) to 

determine which facility to transport an injured 

patient to (e.g. a local hospital or a trauma center that 

has additional experience and equipment for treating 

severely injured people). 

 

The purpose of this paper is to develop a logistic 

regression model that predicts the presence of 

severely injured and fatal occupants in a crashed 

motor vehicle.  Published injury severity predictive 

algorithms were examined in preparation for this 

paper:  an algorithm developed by Kononen et al. 

(2011) for GM OnStar®, an algorithm developed by 

Bahouth et al. (2012) for BMW, and an algorithm 

developed by Stitzel et al. (2016) for Toyota.  Similar 

to the model developed by Kononen et al. (2011), the 

model developed for this paper follows the approach 

laid out by the Centers for Disease Control and 

Prevention (CDC) Expert Panel on Field Triage.  In 

2008, CDC assembled a panel of experts from 

various fields such as emergency medicine, trauma 

surgery, public health, vehicle telematics, and vehicle 

safety.  The panel’s purpose was to “develop a 

medical protocol for utilization of AACN data from 

crashes to better predict severity of injury and use 

this information to improve the ability to respond to 

crashes and appropriately triage crash victims.”  

They made several recommendations including a list 

of predictor variables, criteria for severe injury, and a 

choice of risk threshold.  We used these 

recommendations as a starting point in this study, and 

performed tests to assess their validity. 

 

 

DATA 

 

The predictive model was developed using the 

Crashworthiness Data System (CDS).  It is the only 

source of data that provides detailed information on 

injuries as well as crash severity.  CDS is a nationally 

representative probability sample survey whose target 

population is police reported motor vehicle crashes 

on a trafficway involving at least one passenger car, 

pickup, van, or SUV that was towed from the scene 

due to damage.  Crash investigators visit an annual 

sample of about 5,000 crashes to conduct a vehicle 

and scene inspection.  The CDS three stage sample 

design and weight computation are described by 

Zhang and Chen (2013). 

 

This study used CDS years 1999 – 2015 and applied 

the following filter criteria:   

1. Passenger vehicles only (passenger cars, 

SUVs, vans, and pickups). 

2. Deformation locations are front, right, left, 

and back only (no top or under). 

3. Direction of force is between impact points 

1 o'clock and 12 o'clock. 

4. Vehicle model years 2000 – 2016. 

5. Front row passengers only. 

6. Passenger ages 0 – 97. 

7. Planar crashes (no rollovers). 

 

In addition to these filters, each record (vehicle) must 

also meet the crash conditions required for the 

AACN system to make a notification call.  Kononen 

et al. (2011) used the condition of delta-V ≥ 15 mph 

or airbag deployment, which is also applied in this 

study.  After removing observations with missing 

data, the final data set has 13,146 records, with a 

weighted total of 4,206,182.  Each record represents a 

vehicle. 

 

Response variable 

The binary response variable, 𝑦𝑖 , indicates whether or 

not a crashed vehicle contains a severely injured 

occupant or a fatally injured occupant.  A value of 1 

was assigned to a vehicle if any of its occupants 

experienced an Injury Severity Score (ISS) of 16 or 

higher, and zero otherwise.  The weighted rate of 

occurrence of severe injury is 2% (Table 1). 

 

𝑦𝑖 = {
1, 𝑖𝑓 𝑎𝑛𝑦 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡 𝑤𝑖𝑡ℎ 𝐼𝑆𝑆 ≥ 16
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

} 

 

An ISS of 16 or greater was used to indicate severe 

injury and is an anatomic scoring system based on the 

individual’s three highest Abbreviated Injury Scale 

(AIS) values in different body regions.  This was the 

outcome of interest specified by the 2008 CDC 

Expert Panel, when they defined severe injury in the 

context of vehicle telematics.  The American College 

of Surgeons (ACS) periodically publishes a 

document titled “Resources for Optimal Care of the 

Injured Patient”, which represents the ACS 

Committee on Trauma’s guidelines and 

recommendations for all aspects of trauma care, 

including pre-hospital care.  In the 2014 version, the 
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ACS also recommended an ISS of 16+ be used to 

define major trauma patients.  Therefore, this paper 

focuses on ISS of 16 or greater as the indicator for 

severe injury.   

 

Table 1 Distribution of the Response Variable 

𝒚𝒊 Frequency Weighted 

Frequency 

Percent 

0 11,984 4,123,989 98 

1 1,162 82,194 2 

Total 13,146 4,206,182 100 

 

 

VARIABLE SELECTION 

 

An important step in building a statistical model is 

determining which variables should be included in 

the model.  For this study, the initial set of predictors 

were those recommended by the CDC Expert Panel 

(Table 2).  These variables can be electronically 

transmitted by the vehicle to the AACN providers in 

the event of a crash. 

 

Table 2. Selected Predictors and Their 

Descriptions 

Variable 

name 

Type Values Description 

LN_DVMPH Continuous 0 – 100 Change in the 

vehicle 

velocity. Log 

of delta-V. 

DOF1 Categorical Front, 

Left, 

Right, 

Rear 

Direction of 

force. 

CBELT Categorical Yes, No Seat belt 

usage.  Yes = 

all occupants 

belted.  No = 

at least one 

occupant 

unbelted. 

BODY Categorical Car, 

SUV, 

Pickup, 

Passenger 

van 

Type of 

vehicle. 

ACCSEQ Categorical Multiple, 

Single 

Number of 

significant 

impacts to a 

vehicle. 

Note:  The variable names are specific to this study 

and are not the same as in CDS. 

 

 

 

 

A univariate analysis was conducted to determine 

whether each predictor is "significantly" related to 

the response variable.  This was done using the 

likelihood ratio chi-squared test and the Wald test. 

 

The likelihood ratio chi-squared test was used to test 

the null hypothesis of statistical independence 

between the response variable and each predictor.  

The p-value for this test is less than 0.0001 for each 

predictor (Table 3), which provides evidence of an 

association.  The large chi-squared statistics may be 

heavily influenced by the large weighted sample size. 

 

Table 3. Likelihood Ratio Chi-Square Test 

Predictor Likelihood 

Ratio Chi-

Square 

Statistic 

DF Probability 

ACCSEQ 12,384 1 < 0.0001 

BODY 6,257 3 < 0.0001 

CBELT 31,948 1 < 0.0001 

DOF1 27,091 3 < 0.0001 

LN_DVMPH 131,696 1 < 0.0001 

 

A univariate logistic regression model was fit for 

each predictor to test for the significance of the 

coefficient using the Wald Chi-Square test statistic, 

 

𝑊 =
(�̂� − 𝛽1)

2

𝑉𝑎�̂�(�̂�)
 

 

Under the null hypothesis that 𝛽1 is equal to zero, the 

statistic W follows a chi-square distribution with 1 

degree of freedom.  All the predictors and their 

design variables had p-values less than 0.05, except 

for the Pickups design variable for the predictor 

BODY (vehicle body type).  It had a p-value of 

0.6852 (Table 4).  However, the Type 3 multivariate 

Wald test for the BODY variable, which tests all its 

design variables simultaneously, has a p-value of 

<0.0001. 

 

Table 4. Wald Chi-Square Test for the BODY 

Variable 

Param DF Est. Std 

Err 

Wald 

Chi-Sq 

Pr > 

ChiSq 

Intercept 1 -3.766 0.1579 568.3079 <.0001 

BODY 

(Pickups) 

1 -0.126 0.3116 0.1643 0.6852 

BODY 

(SUV) 

1 -0.751 0.1891 15.7759 <.0001 

BODY 

(Vans) 

1 -0.757 0.3521 4.6181 0.0316 
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In addition to the univariate analysis, a stepwise 

procedure was conducted.  This procedure 

systematically checks for the “importance” of 

variables, and either includes or excludes them in the 

model depending on a decision rule.  The procedure 

starts off with no predictors in the model.  In each 

step, the predictor with the largest Score chi-square 

statistic that meets the p < 0.01 level is included in 

the model; while the predictor considered least 

significant according to the Wald test and does not 

meet the p < 0.01 level is removed from the model.  

The process terminates if no further predictor can be 

added or if the current model is identical to a 

previously visited model.  Results of this method 

(Table 5) show that all predictors entered the model, 

and none were removed.  The first variable to enter 

was delta-V and the last to enter was ACCSEQ 

(number of impacts to a vehicle).  The large Score 

test statistic values may be heavily influenced by the 

large weighted sample size. 

 

Table 5. Summary of Stepwise Selection 

Step Var Entered Var 

Rem-

oved 

DF Score 

Chi-Sq 

Pr>Chi 

Sq 

1 LN_DVMPH - 1 123,576 <.0001 

2 DOF1 - 3 37,454 <.0001 

3 CBELT - 1 37,650 <.0001 

4 BODY - 3 4,913 <.0001 

5 ACCSEQ - 1 4,880 <.0001 

 

Results from the likelihood ratio chi-square test, the 

Wald test, and stepwise procedure show that it is 

reasonable to use all the CDC recommended 

predictors for the multivariate model. 

 

 

 

MODELING 

 

Logistic regression was used to estimate the 

probability that a crashed vehicle contained a  

seriously injured or fatal occupant, conditional on the 

values of the predictor variables.  The logistic 

regression model is, 

 

𝑃(𝑌 = 1|𝒙) =
𝑒𝛽0+ 𝛽1𝑥1+𝛽2𝑥2+⋯+𝛽𝑝𝑥𝑝

1+𝑒𝛽0+ 𝛽1𝑥1+𝛽2𝑥2+⋯+𝛽𝑝𝑥𝑝
 ,          Eq. (1) 

 

where p = 9 (total predictor variables),  𝐱′ =
(𝑥1, 𝑥2, … , 𝑥p) is a vector of predictor variables, and 

𝛽0, … , 𝛽𝑝 are parameters.  There are now nine 

independent variables instead of the initial five since 

design variables were created for the BODY (vehicle 

body type) and DOF1 (direction of force) variables.   

 

The model was fit using the maximum likelihood 

method, which produces an estimate for the 

parameters that maximizes the probability of 

obtaining the observed set of data.  The 

SURVEYLOGISTIC procedure in SAS was used to 

incorporate the CDS survey design by specifying the 

primary sampling unit (PSU), the PSU stratum, and 

weight variables.  Results of fitting the multiple 

logistic regression model are given in Table 6. 

 

Testing for the significance of the model 

To assess the overall significance of the coefficients 

for the predictor variables in the model, the 

likelihood ratio test was used with the null hypothesis 

that all coefficients in the model are equal to zero.  

The p-value for the test is < 0.0001 (Table 7), 

rejecting the null hypothesis, and conclude that at 

least one coefficient was different from zero. 
 

Table 6. Maximum Likelihood Estimates 

Parameter  DF Estimate Std. 

Error 

Wald 

Chi-

Square 

Pr > 

ChiSq 

Standardized 

Estimate 

95% Confidence 

Limits 

Intercept  1 -14.4707 0.9508 231.6557 <.0001  (-16.3341, -12.6072) 

ACCSEQ Multiple 1 0.5392 0.1734 9.6657 0.0019 2.3948 (0.1993, 0.8792) 

BODY Pickups 1 -0.5337 0.2015 7.0141 0.0081 -1.4104 (-0.9287, -0.1387) 

BODY SUV 1 -0.7507 0.2056 13.3315 0.0003 -2.8966 (-1.1537, -0.3477) 

BODY Vans 1 -0.4891 0.4739 1.0654 0.3020 -1.1083 (-1.4179, 0.4397) 

CBELT All Belted 1 -1.4283 0.1182 145.9042 <.0001 -5.1421 (-1.6601, -1.1966) 

DOF1 Front 1 1.0557 0.3984 7.0230 0.0080 4.0478 (0.2749, 1.8366) 

DOF1 Left 1 2.6775 0.4530 34.9351 <.0001 6.0612 (1.7897, 3.5654) 

DOF1 Right 1 1.7839 0.4048 19.4198 <.0001 4.3774 (0.9905, 2.5774) 

LN_DVMPH  1 3.5073 0.2376 217.8784 <.0001 13.6964 (3.0416, 3.9730 

Note:  The column between Parameter and DF specifies the comparison group.  For example, Multiple is indicated 

for the variable ACCSEQ because the estimate corresponds to that of multiple event crashes in reference to single 

event crashes. 
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Table 7. Testing Global Null Hypothesis: Beta=0 

Likelihood Ratio Test DF Pr > ChiSq 

201,000.246 9 <.0001 

 

The Vans design variable for BODY (vehicle body 

type) is not significant with a p-value greater than 

0.05 for the univariate Wald test, and a confidence 

interval that includes zero (Table 6).  However, the 

Type 3 multivariate Wald test, which tests the null 

hypothesis that all the coefficients of the design 

variables for BODY are simultaneously zero, has a p-

value of <0.0001 (Table 8).  Hence the BODY 

variable is not excluded from the model.  

 

Table 8. Type 3 Analysis of Effects 

Effect DF Wald 

Chi-Sq 

Pr > 

ChiSq 

ACCSEQ 1 9.6657 0.0019 

BODY 3 22.1161 <.0001 

CBELT 1 145.9042 <.0001 

DOF1 3 91.1701 <.0001 

LN_DVMPH 1 217.8784 <.0001 

 

Ranking the predictors 

A standardized coefficient indicates how many 

standard deviations of change in the respondent 

variable are associated with a one standard deviation 

increase in the predictor variable.  Shown in the 8th 

column of Table 6, the highest standardized 

coefficient (absolute value) belongs to the 

LN_DVMPH (log of delta-V) predictor followed by 

CBELT (all occupants belted or not) and the DOF1 

(direction of force) design variables.  The lowest 

standard coefficient belongs to the BODY (vehicle 

body type) design variables and ACCSEQ (number 

of significant impacts to the vehicle).  This coincides 

with the order in which the variables entered the 

stepwise method (Table 5). 

 

Interaction effects 
Two-way interaction effects were entered into the 

main effects model, one at a time, and checked for 

statistical significance.  All interaction effects either 

had p-values > 0.05 for the univariate Wald test, or 

did not make scientific sense.  Hence no interactions 

terms were included in the model. 

 

Distribution of the estimated probabilities 

The estimated probabilities produced by the model 

are very low, with a median of only 0.0059 (Table 9).  

This is due to the rarity of the occurrence of severe 

injury, with only 2% of the vehicles having at least 

one occupant with an ISS of 16 or greater (Table 1). 

 

Table 9. Weighted Quantiles of the Estimated 

Probabilities 

Quantile Estimate 

100% Max 0.950031471 

99% 0.221031351 

95% 0.085091246 

90% 0.043765134 

75% Q3 0.015382169 

50% Median 0.005946187 

25% Q1 0.002076919 

10% 0.000794507 

5% 0.000375181 

1% 0.000155431 

0% Min 0.000004069 

 

 

ASESSING THE PREDICTIVE ACCURACY OF 

THE MODEL 

 

To assess the predictive accuracy of the model, the k-

fold cross-validation method was used.  In this 

method the data was split into k = 10 equal-sized 

subsets.  One of the subsets was chosen for testing 

the model, while the remaining nine subsets were 

used for training the model.  This was repeated k = 

10 times so that each record was used for training 

exactly nine times and testing exactly once.  The 

resulting estimated probability of each record was 

used to assess the discrimination and accuracy of the 

model.   

 

Area under the curve 

Discrimination refers to the model’s ability to 

distinguish low from high risk vehicles.  This means 

vehicles with y = 1 should have higher probability 

estimates than vehicles with y = 0.  Discrimination 

can be quantified by the area under the receiver 

operating characteristic curve (AUC), which is a 

curve constructed by plotting sensitivity against 1-

specificity for different cut-offs.  An intuitive 

explanation of the AUC is that if each vehicle with y 

= 1 is paired with each vehicle with y = 0, then the 

AUC is the proportion of the pairings where the 

vehicle with y = 1 has a higher estimated probability 

than the vehicle with y = 0.  The AUC for this model 

is 0.843, which is considered excellent discrimination 

according to Hosmer and Lemeshow (2000). 

 

Classification table 

A classification table cross-classifies the binary 

response variable with the prediction of the model (1 

or 0).  The estimated probabilities are converted to 

predictions by first selecting some risk threshold, t, 

where 0 < t < 1 (statistical texts refer to this as the 

cutpoint or the cut-off).  If the estimated probability 
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is greater than or equal to t, then set the prediction 

equal to 1; otherwise set the prediction equal to 0.  

Table 10 shows the classification table, with 

weighted counts, for a threshold of 0.20, which is the 

recommended threshold by the CDC Expert Panel.  

The overall rate of correct classification is estimated 

as (4,093,805 + 21,688)/ 4,206,182 = 98%, with 26% 

(21,688/82,194) of the y = 1 group (sensitivity) and 

99% (4,093,805/4,123,989) of the y = 0 group 

(specificity) being correctly classified. 

 

Table 10. Classification Table (Weighted) Using a 

Threshold of 0.20. 

 Response  

Predicted 0 1 Total 

0 4,093,805 60,506 4,154,311 

1 30,184 21,688 51,872 

Total 4,123,989 82,194 4,206,182 

 

Aside from sensitivity and specificity, the model was 

also assessed in how well it identified vehicles with a 

fatally injured occupant, referred to as fatal vehicles.  

Fatal vehicles are a subset of the y = 1 group, and 

should have a prediction of 1.  The proportion of fatal 

vehicles identified by the model (having a predicted 

value of 1) was 41%, using the 0.20 threshold.  

Figure 1 plots the sensitivity, specificity, and percent 

of fatal vehicles identified by the model at different 

thresholds. 

 

Relating sensitivity and specificity to undertriage 

and overtriage, and their recommended levels 

The 2014 edition of the American College of 

Surgeons (ACS) Resources for Optimal Care defines 

undertriage as severely injured patients transported to 

lower-level trauma centers or other facilities, and 

overtriage as minimally injured patients transported 

to higher-level trauma centers.  The ACS gives 

higher priority to reduction of undertriage, because 

undertriage may result in preventable mortality or 

morbidity from delays in definitive care.  The 

recommended level for undertriage is 5%.  

Overtriage may result in higher costs and also 

increase the burden for higher-level trauma centers 

because resources needed for more severely injured 

patients are unnecessarily being used for minimally 

injured patients.  Acceptable rates for overtriage are 

in the range of 25-35% according to the ACS. 

 

In the context of the injury prediction algorithm 

developed here, the sensitivity of the algorithm is 

equal to 100% minus the undertriage rate (i.e. a 

sensitivity of 95% will result in 95% of seriously 

injured occupants being correctly identified as 

seriously injured, and 5% being undertriaged, or 

incorrectly identified as not seriously injured).  

Specificity, or the true negative rate (proportion of 

occupants with ISS < 16 who are correctly identified 

by the algorithm as having a low risk of injury), is 

 

 
Figure 1. Plot of Sensitivity, Specificity, and Percent Fatal Vehicles Identified by Threshold. 
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equal to 100% minus the overtriage rate.  It is 

noteworthy that at the CDC recommended 0.20 risk 

threshold, the prediction algorithm falls far short of 

the recommended 5% undertriage rate (instead 

resulting in a 74% undertriage rate), while it far 

exceeds the recommendations for overtriage 

(predicting only 1% overtriage, rather than the ACS 

recommended 25-35%). 

 

In order to meet the 5% undertriage rate, the 

threshold needs to be lowered from the 0.20 

threshold.  As shown in Figure 1, lowering the 

threshold increases both sensitivity and percent of 

fatal vehicles identified, but it also lowers the 

specificity.  Lowering the specificity is equivalent to 

increasing the rate of false positives (false alarms), 

which results in overtriage costs.  Finding the right 

balance of increasing the percent of fatal vehicles 

identified by the model while minimizing the rate of 

false positives is addressed in the next section. 

 

 

FINDING AN OPTIMAL THRESHOLD 

 

As demonstrated above, at the CDC recommended 

0.20 risk threshold, the prediction algorithm falls far 

short of the undertriage rates recommended by the 

ACS.  To provide a basis for choosing an optimal 

threshold that deviates from the CDC 

recommendation, the costs of under- and overtriage 

were evaluated.  For a preliminary determination of 

an ideal threshold for the model, the benefit of true 

positives was weighed against the cost of false 

positives at thresholds below 0.20.  The benefit of 

true positives is the economic savings from those that 

would have died but were saved due to AACN.  The 

cost of false positives comes from overtriage, which 

is transporting occupants without serious injuries to 

major trauma centers. 

 

Benefits 

The benefits at a specific threshold is the number of 

lives saved by AACN multiplied by the dollar 

amount saved per fatality prevented.  Lee et al. 

(2017) estimated the number of lives saved by 

AACN to be, at most, 721 per year.  This number 

assumes the predictive model identifies 90% of the 

fatal occupants.  This percentage is replaced with the 

appropriate percentage at each threshold.  As for the 

economic savings, Blincoe et al. (2015) estimates the 

comprehensive fatality injury cost to be $9,129,066.1  

                                                           
1 This equals comprehensive costs less congestion 

costs and property damage costs.  Comprehensive 

costs consist of tangible losses (such as property 

Since a fatality prevented by AACN cannot be 

considered to be uninjured, it is assumed that the 

saved occupant will still have a maximum AIS 

(MAIS) 4 injury level with a comprehensive injury 

cost of $2,414,252.1  The cost savings of preventing a 

fatality is the difference between these two injury 

costs which is $6,714,814.  The benefit at a particular 

threshold, t, can now be expressed as, 

 

𝐵𝑒𝑛𝑒𝑓𝑖𝑡(𝑡) =
721

0.90
× %𝐹𝑎𝑡𝑎𝑙𝑠𝑃𝑟𝑒𝑑(𝑡) × $6,714,814 

 

Costs 

The cost at a specific threshold is the number of 

minor injured occupants (ISS < 16) unnecessarily 

treated at a trauma center multiplied by the cost of 

overtriage per patient.  The number of occupants with 

ISS < 16 is estimated to be around 4 million annually, 

using CDS 2006-2008.  Since not all of these 

occupants will be sent to a trauma center as a direct 

result of AACN, the following reduction factors were 

applied: 

1. % overtriage NOT identified by steps 1 and 

2 of the triage protocol = 78%.2 

2. % of occupants with ISS < 16 that were in a 

crashed vehicle that met the conditions for 

the AACN system to make a call (i.e. delta-

V ≥ 15 or airbag deployment) = 60%. 

3. % access to trauma center = 80% (NHTSA, 

2012). 

 

Applying the reduction rates to the 4 million 

occupants produces 1,497,600 which is then applied 

the rate of false positives at a specific threshold.  The 

rate of false positives is equal to one minus the 

specificity computed at the occupant level.   

 

The cost of minor injured occupants treated at a 

trauma center is approximately $5,000 - $10,000 

according to Newgard et al. (2013) and Faul et al. 

(2012).  Using the midpoint of this range, the cost at 

a particular threshold is,  

 
𝐶𝑜𝑠𝑡(𝑡) = 1,497,600 × (1 − 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦(𝑡)) × $7,500 

 

Computed values for benefits, costs, and their 

difference are shown in Table 11 and plotted in 

Figure 2.  At the CDC recommended threshold of 

0.20, benefits exceed costs by about $2.18 billion.  

As the threshold is lowered, benefits continue to be 

                                                                                       
damage, medical care, insurance costs, legal costs, 

etc.) plus costs associated with lost quality of life. 
2 Newgard et al. (2011) and Brown et al. (2011) show 

14% - 22% overtriage using just steps 1 and 2 of the 

triage protocol. 
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greater than costs.  Around the 0.06 threshold, costs 

start to climb at a higher rate than benefits, and 

eventually the two become equal somewhere between 

the 0.008 and 0.007 thresholds.  After this point costs 

exceed benefits. 

 

Since lowering the threshold results in more lives 

saved, then 0.008 is the threshold where the 

maximum number of lives can be saved without costs 

exceeding benefits.  This number seems to be the 

logical choice as the optimal threshold.  At this 

threshold, 92% of fatal occupants are predicted, the 

sensitivity is 91% (undertriage rate of 9%), and the 

specificity is 60% (overtriage rate of 40%).  These 

results are approximately consistent with the ACS 

recommended under- and overtriage levels of 5% and 

25-35% respectively. 

 

The small threshold of 0.008 may seem to suggest 

that the model will predict nearly all vehicles that 

meet the AACN crash criteria to have a severely 

injured occupant.  This is not the case.  According to 

the distribution of the estimated probabilities (Table 

9), among vehicles that meet the AACN crash 

criteria, the proportion having an estimated 

probability greater than 0.008 is around 40%. 

 

Although other published logistic regression models 

(e.g. Bahouth et al. 2012; Stitzel et al. 2015) did not 

consider the economic costs and benefits of under- 

and overtriage, their optimal predictive performance 

occurred at thresholds lower than the CDC 

recommended 0.20, similar to the findings of the 

current study. 

 

 

CONCLUSION 

 

The purpose of this paper was to develop a logistic 

regression model that predicts the presence of 

severely injured and fatal occupants in a crashed 

motor vehicle.  The model was trained using 1999-

2015 CDS data, accounting for its sample design.  

The binary response variable indicates whether or not 

a crashed vehicle contains a severely injured 

occupant or a fatally injured occupant.  The 

predictors are those recommended by the CDC 

Expert Panel on Field Triage, which are delta-V, 

direction of force, vehicle body type, seat belt use, 

and number of crash events (multiple or single).  The 

most significant predictor is delta-V followed by seat 

belt use and direction of force.  At the CDC 

recommended threshold of 0.20, the model produces 

an AUC of 0.843, a sensitivity of 26%, a specificity 

of 99%, and predicts 41% of the fatal vehicles 

(Figure 1).  Based on a preliminary cost-benefit 

analysis considering the cost of lives saved versus the 

cost of overtriaging minor injured people using the 

AACN algorithm, the study showed that the optimal 

threshold was close to 0.008.  At this threshold, 92% 

of fatal occupants are predicted, the sensitivity is 

91%, and the specificity is 60%. 

 

 

LIMITATIONS AND FUTURE 

CONSIDERATIONS 

 

1. An AACN system uses data from the event 

data recorder (EDR) of a vehicle.  The 

model developed in this paper, as well as 

others, were not trained with EDR data but 

with data collected from crash investigations 

(CDS).  There may be differences between 

these two data sources, particularly the 

WinSmash delta-V estimates in CDS that 

have been found to underestimate EDR 

delta-V by as much as 23%.  This study 

attempted to use EDR data but found it to be 

quite incomplete. 

 

2. This study only considered predictors 

recommended by the CDC Expert Panel.  

While these variables were approved by 

subject matters experts, this study did not 

consider all possible predictors in CDS and 

other data sets. 

 

3. This paper only considered one statistical 

model, logistic regression, among many 

classifiers that may produce better results.  

Kusano and Gabler (2014) compared several 

competing classification algorithms for 

predicting injured occupants in vehicle 

crashes and concluded that logistic 

regression slightly outperformed the 

machine learning algorithms based on 

sensitivity and specificity of the models. 
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Table 11. Benefits and Costs at Different Threshold Levels Below 0.20 

Threshold Specificity 

(occupants) 

% Fatals 

predicted 

(occupants) 

Benefits Costs Benefits minus 

Costs 

0.000 0 1 $5,379,312,104  $11,232,000,000  ($5,852,687,896) 

0.005 0.45261 0.93756 $5,043,416,563  $6,148,264,446  ($1,104,847,883) 

0.007 0.54937 0.92921 $4,998,535,709  $5,061,452,716  ($62,917,007) 

0.008 0.57975 0.91807 $4,938,578,607  $4,720,220,174  $218,358,433  

0.010 0.62122 0.89965 $4,839,495,036  $4,254,452,851  $585,042,185  

0.020 0.79856 0.86168 $4,635,224,187  $2,262,520,828  $2,372,703,359  

0.030 0.85933 0.79801 $4,292,737,805  $1,579,995,498  $2,712,742,307  

0.040 0.89118 0.76739 $4,128,026,556  $1,222,219,386  $2,905,807,171  

0.050 0.91967 0.71522 $3,847,380,225  $902,317,804  $2,945,062,421  

0.060 0.93615 0.68907 $3,706,736,390  $717,113,769  $2,989,622,621  

0.070 0.94585 0.66701 $3,588,052,336  $608,160,059  $2,979,892,276  

0.080 0.95181 0.64044 $3,445,146,443  $541,242,997  $2,903,903,446  

0.090 0.95953 0.61765 $3,322,509,772  $454,586,639  $2,867,923,132  

0.100 0.96538 0.58943 $3,170,754,006  $388,886,788  $2,781,867,218  

0.150 0.98345 0.47427 $2,551,270,193  $185,916,103  $2,365,354,090  

0.200 0.99227 0.42096 $2,264,466,194  $86,810,724  $2,177,655,470  

 

 
Figure 2. Difference between benefits and costs by threshold levels. 
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ABSTRACT 
 
Injury risk in real world crashes is often estimated using the vehicle change in velocity (delta-v) in a crash. Delta-v 
however, does not consider either the crash pulse or occupant restraint system. This study considers two alternatives, 
the Occupant Load Criterion (OLC) and the Acceleration Severity Index (ASI) in 140 frontal, vehicle to barrier, 56 
km/h New Car Assessment Program (NCAP) crash tests. Both OLC and ASI account for varying crash pulses with a 
basic model of restraints. Event Data Recorders (EDRs) can provide a direct measure of delta-v and the crash pulse. 
The first research question was whether the OLC and ASI are good predictors of injury metrics. Second, in order to 
apply the injury correlations to real world crashes, the second aim was to determine whether EDR data could 
accurately capture the OLC and ASI metrics. These vehicle-based metrics were first compared to four common 
injury metrics, the Head Injury Criterion (HIC), 3 ms clip chest acceleration, peak chest displacement, and peak 
pelvic acceleration using the crash test instrumentation data but showed little correlation with these injury criteria.  

Next, with the ultimate goal of the study being to evaluate the vehicle-based metrics for EDRs to assess real world 
crashes, maximum delta-v, OLC, and ASI values were calculated from the EDR longitudinal velocity data and 
compared with the same metrics computed from crash test accelerometers. Mean percent differences were minimal, 
below 6%, for both the maximum delta-v and ASI metrics, with the EDRs underreporting values. The OLC mean 
percent difference for the 140 cases was -16.4%, showing poor agreement with the crash test instrumentation 
metrics. However, a number of the cases did not appear to record a complete EDR crash pulse. When only 
evaluating the 110 of the 140 cases with crash pulse complete status, the mean percent difference for the OLC was 
reduced to -6.82% and the ASI and maximum delta-v differences remained relatively unchanged. This exploratory 
study has shown that the OLC and ASI vehicle-based metrics do not appear to correlate well with accepted injury 
metrics gathered from instrumented ATDs in controlled NCAP crash tests with impact speeds of 56 km/h. 
Additionally, for implementation in real-world scenarios using EDRs, the accuracy of the EDRs and the 
completeness of the crash pulse recorded by the EDRs should be considered when evaluating some vehicle-based 
crash metrics. Specifically, OLC values are negatively affected by incomplete crash pulses while ASI values are 
more independent of the completion of the crash pulse.  
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INTRODUCTION 
 
Event Data Recorders (EDRs) can provide valuable 
insights into vehicle and driver performance both 
before and during crashes. The information recorded 
by EDRs, including longitudinal and lateral change in 
velocity and seat belt and air bag status, is extremely 
useful in assessing crash severity and occupant injury 
risk. EDRs have been often used as a supplement to 
traditional crash reconstruction methods to compute 
vehicle change in velocity (delta-v), a widely 
accepted metric for occupant injury [1, 2]. However, 
delta-v has several limitations: delta-v does not 
consider either the crash pulse or the performance of 
occupant restraints, e.g. seatbelts and airbags. EDRs 
can directly measure both delta-v and the crash pulse. 
 
Two promising alternatives to delta-v, the Occupant 
Load Criterion (OLC) and the Acceleration Severity 
Index (ASI), estimate severity based on the crash 
pulse and a straightforward model of frontal 
restraints. Both metrics have been frequently used to 
evaluate laboratory crash tests, but could not be 
applied to real-world crashes until recently with the 
widespread availability of crash pulses recorded by 
EDRs. Our longer term goal is to use OLC and ASI 
to compute injury risk in real world crashes. 
However, gaps in knowledge exist in correlating 
these vehicle-based metrics to occupant injury 
metrics such as the Head Injury Criterion (HIC), 3 ms 
clip chest acceleration, peak chest displacement, and 
peak pelvic acceleration in controlled crash tests.  
 
Further, little has been published about whether the 
EDRs can accurately capture the OLC and ASI. We 
hypothesize that the lower sampling rate of EDRs as 
compared to crash test instrumentation as well as the 
susceptibility of EDRs to record incomplete crash 
pulses may affect the accuracy of these vehicle-based 
metrics. To this end, the purpose of this exploratory 
study is to (1) evaluate the correlation of the vehicle-
based severity metrics with injury metrics in frontal 
crash tests using laboratory-grade crash test 
accelerometers, and (2) assess the ability of EDRs to 
accurately capture the OLC, ASI, and maximum 
delta-v in frontal crashes. Ultimately, we would like 
to be able to use the EDR derived metrics, such as 
OLC and ASI, to predict serious injury in real world 
crashes. 
 
Delta-V  
Although a simple metric for crash severity, the 
change in velocity for the duration of the crash, or 
delta-v, has been found to correlate well with injury 
in motor vehicle crashes. In addition, the ability of 
EDRs to accurately record delta-v has been 

extensively studied using crash test comparisons [3, 
4, 5, 6, 7]. Results have varied slightly but have 
shown accuracy of EDR delta-v measurement within 
10% of the laboratory grade accelerometers used in 
crash tests. In general, EDRs underreport delta-v. 
Insufficient recording duration, delays between time 
of impact and algorithm wakeup, and accelerometer 
clipping have been cited as factors related to EDR 
underreporting.  
 
Occupant Load Criterion  
The OLC is based on the constant acceleration rate 
that an occupant would experience after an initial free 
flight phase and during a second phase in which the 
occupant is ideally restrained during the crash event. 
While investigators have evaluated the correlation 
between OLC and injury using MADYMO models 
and simulated injury parameters [8, 9], to the authors’ 
knowledge, there has been no evaluation performed 
using injury metrics obtained directly from 
instrumented Anthropometric Test Devices (ATDs) 
in crash tests. In addition, no analysis of application 
of OLC to EDRs could be found. 
 
Acceleration Severity Index 
The ASI provides another vehicle based model to 
estimate the deceleration magnitude and the effect on 
the occupant. A methodology to link ASI to injury 
has been proposed using the longitudinal information 
from real-world crashes with EDRs and the resulting 
injuries on the Maximum Abbreviated Injury Scale 
(MAIS) [10]. However, further research is needed in 
this area. 
 
APPROACH 
 
This study analyzed 140 frontal impact National 
Highway Traffic Safety Association (NHTSA) New 
Car Assessment Program (NCAP) crash test cases in 
which both EDR data and test instrumentation data 
were available. All cases were frontal vehicle to rigid 
barrier test configurations, with nominal impact 
speeds around 56 km/h. The breakdowns of model 
year and vehicle make for the 140 cases are listed in 
Table 1. The maximum delta-v, OLC, and ASI 
severity metrics were found using the longitudinal 
data and compared to the HIC, 3 ms clip chest 
acceleration, peak chest displacement, and peak 
pelvic acceleration injury metrics from the 
instrumented ATDs. 
 
Crash Test Instrumentation 
Data for the 140 cases were accessed by downloading 
crash test accelerations from the NHTSA publicly 
available vehicle crash test database. Only valid, 
longitudinal accelerometers mounted to the occupant 
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compartment were used in the analysis of the crash 
test instrumentation. Acceptable occupant 
compartment sensors included front/rear and 
left/right floorpans, sills, and seats. Typically, each 
test had two to four longitudinal accelerometers 
mounted in the occupant compartment, which 
provided redundant measurements of the crash pulse. 
The change in velocity was computed using 
trapezoidal integration of the unfiltered accelerations 
from each sensor. The delta-v time history for each 
sensor was visually inspected. Extreme outliers and 
failed channels were removed based on the author’s 
judgement. All remaining signals were averaged to 
yield a single crash pulse for each case.  
 

Table 1. Composition of Dataset 
 Frequency Percentage 
Total 140 100.0% 
Model Year   
2001 1 0.7% 
2002 4 2.9% 
2003 5 3.6% 
2004 5 3.6% 
2005 9 6.4% 
2006 12 8.6% 
2007 7 5.0% 
2008 10 7.1% 
2009 7 5.0% 
2010 20 14.3% 
2011 28 20.0% 
2012 29 20.7% 
2013 3 2.1% 
Vehicle Make   
GM 61 43.6% 
Toyota 42 30.0% 
Ford 26 18.6% 
Chrysler 11 7.9% 
 
EDR Dataset 
The EDR longitudinal delta-v data was compiled for 
the 140 cases using the Bosch Crash Data Retrieval 
(CDR) system v.16.5. Cases in which the EDRs 
flagged “incomplete recording” in the reports and 
cases which did not have a flag at all were excluded 
from the dataset. “Incomplete recording” means that 
some data measured by the EDR may not have been 
successfully recorded for reasons such as power 
failure. Even if an EDR indicates “complete 
recording”, it does not mean that the entire pulse was 
recorded. An example of a case with no flag for 
record completeness in the EDR report, test number 
4476, is shown in Figure 1. For this case, the EDR 
clearly did not record the entire crash pulse. The 
EDR velocity profiles for the 140 cases used in this 
study were also visually compared with the velocity 

profiles from the crash test instrumentation. Cases in 
which the EDR velocity profiles were drastically 
different than the crash test instrumentation velocity 
profiles, indicating a possible EDR malfunction, were 
excluded from the dataset. In total, five cases were 
excluded from the initial dataset for this reason, 
yielding the final dataset of 140 cases used for this 
study. Note, this elimination of cases with bad EDR 
pulses was possible given the reference data from the 
crash test instrumentation. The accuracy of the EDRs 
would need to be considered in real world crash 
assessments. The visual inspection also revealed a 
number of cases that appeared to record an 
incomplete pulse. One example is provided in Figure 
2. The EDR for test number 4464 in Figure 2 had 
“complete recording” according to the EDR report, 
however examination of the EDR longitudinal 
velocity data for this case showed that the EDR had 
not recorded the end of the crash pulse with a 
relatively constant rebound velocity. The absolute 
end acceleration for this case was 9.89 g.  

 
Figure 1. Longitudinal velocity data from the EDR 
and averaged crash test instrumentation for test 
number 4476. 

 
Figure 2. Longitudinal velocity data from the EDR 
and averaged crash test instrumentation for test 
number 4464. 
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Determining crash pulse complete status. Two 
metrics were explored to identify the cases with 
complete pulses: the end acceleration and the non-
zero end acceleration. Ideally, the final acceleration 
of a crash pulse should be approximately zero as 
there are minimal forces acting on the vehicle during 
the rebound from the barrier. For this study, an 
absolute end acceleration threshold of 2 g was used, 
meaning cases with end accelerations less than 2 g 
were considered complete pulses. While early EDRs 
recorded at a uniform sampling rate of 100 Hz, newer 
EDRs can have varying time steps. To accommodate 
for the various sampling rates, the end acceleration 
was calculated using the last data point and the data 
point 10 ms prior for all the EDR cases. A total of 
110 of the 140 cases were considered to have 
complete crash pulses using the end acceleration 
metric and 2 g threshold. 
 
To further investigate the high number of cases in 
which the end acceleration was exactly 0 g, another 
metric, the non-zero end acceleration, was tested. For 
this metric the end acceleration was calculated in the 
same way, however if the result was zero then the 
preceding set of points were analyzed until a non-
zero acceleration was calculated. A total of 66 of the 
140 cases were considered to have complete crash 
pulses using the non-zero end acceleration metric and 
the 2 g threshold.  
 
Ultimately, the end acceleration technique including 
end accelerations of 0 g was chosen to be used in the 
analysis. The non-zero acceleration metric 
substantially reduced the number of cases, from 140 
to 66, and did not appear to be a good indicator of 
complete pulse status. The example in Figure 3 
shows a case that would have been removed using the 
non-zero end acceleration metric but was kept with 
the end acceleration metric.  

 
Figure 3. Longitudinal velocity data from the EDR 
and averaged crash test instrumentation for test 
number 5567. 

The absolute end acceleration for test number 5567, 
shown in Figure 3, was 0 g whereas the absolute non-
zero end acceleration was 2.92 g.  Given the velocity 
profile in this example, it appears to be a complete 
pulse and affirms the use of the end acceleration 
metric. Meanwhile, the example shown in Figure 2 
would be marked as an incomplete pulse using the 
end acceleration metric because the end acceleration 
was 9.89 g, which is greater than the threshold of 2 g.  
 
Maximum Delta-V 
For this study we were interested in the maximum 
delta-v as opposed to the final delta-v. The maximum 
delta-v was determined from the time series velocity 
data for both the crash test instrumentation and EDR 
data. For the crash test accelerometer data, the delta-v 
values were found using trapezoidal integration of the 
unfiltered accelerations. 
 
OLC 
The OLC is defined to be the constant rate of 
occupant acceleration from the time when the 
occupant was displaced 65 mm with respect to the 
vehicle (t1) to the time when the occupant was 
displaced a total of 300 mm with respect to the 
vehicle (t2) [8]. The time points, t1 and t2, are the 
times at which the occupant has been displaced 65 
mm and 300 mm with respect to the vehicle. The 
example in Figure 4 shows the OLC model using the 
averaged crash test instrumentation data from test 
number 4464. The stars in Figure 4 illustrate t1 and 
t2. These points are then used to find the OLC, or 
constant rate of deceleration of the occupant during 
the phase of ideal restraint. For cases in which the 
occupant does not undergo at least 300 mm of 
displacement with respect to the vehicle, only t1 can 
be found and an OLC cannot be calculated. An 
example, using an incomplete EDR crash pulse in 
which an OLC cannot be calculated is shown in 
Figure 5 for test number 4464, which was discussed 
previously. Note, in this case there is a t1 but no t2. 
For cases in which an OLC cannot be calculated 
because the occupant is never displaced 300 mm with 
respect to the vehicle, the final displacement of the 
occupant relative to the vehicle can be calculated. For 
the example in Figure 5, the final displacement was 
258 mm, which is less than the 300 mm of 
displacement needed to find t2.  
The calculation of OLC using vehicle longitudinal 
delta-v data was implemented in MATLAB.  
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Figure 4. Longitudinal velocity data from the 
averaged crash test instrumentation and the OLC 
model for test number 4464. 

 
Figure 5. Longitudinal velocity data from the EDR 
and the OLC model for test number 4464. 
 
 
ASI 
For both the EDRs and the crash instrumentation, the 
ASI was calculated using the 50 ms moving average 
of the longitudinal acceleration. The absolute 
maximum of the 50 ms moving average acceleration 
is converted to g units to yield the ASI. Figure 6 
shows an example using the averaged crash test 
instrumentation data. The maximum 50 ms moving 
average acceleration point is the ASI. The velocity 
and acceleration time series are also plotted for the 
EDR data in Figure 7. Note, although the EDR for 
test number 4464 recorded an incomplete crash pulse, 
we are still able to calculate an ASI using the EDR 
data as shown in Figure 7. 
 
HIC 
Using the NHTSA vehicle crash test database, the 
HIC values were collected for all 140 cases using the 
instrumented ATDs placed in the driver seats.  

 
Figure 6. Longitudinal velocity data from the 
averaged crash test instrumentation and the 50 ms 
average acceleration points for test number 4464. 

 
Figure 7. Longitudinal velocity data from the EDR 
and the 50 ms average acceleration points for test 
number 4464. 
 
3 ms Clip 
Similar to the HIC values, the 3 ms clip values for 
chest acceleration were compiled from the NHTSA 
vehicle crash test database for the drivers for all 140 
cases. 
 
Peak Chest Displacement  
The peak chest displacement values for the driver 
position were calculated using the time series data 
from the chest displacement transducers from the 
crash tests. The data was filtered to Channel 
Frequency Class (CFC) 600, complying with SAE 
J211-1 specifications. Chest displacement data was 
only available for 139 of the 140 cases. 
 
Peak Pelvic Acceleration 
The resultant peak pelvic acceleration values for the 
driver position were calculated using the unfiltered 
time series data from the pelvis center accelerometers 
from the crash tests. Pelvic acceleration data was 
only available for 131 of the 140 cases. 
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RESULTS 
 
To decide whether OLC and ASI were good 
predictors of injury, the vehicle-based severity 
metrics from the crash test instrumentation were 
compared to the four injury metrics. The laboratory-
grade accelerometer data was used to obtain the 
severity metrics in this analysis to establish 
correlation to injury before determining the efficacy 
of the EDRs to obtain the same metrics. The results 
for the maximum delta-v, OLC, and ASI compared to 
the HIC, 3 ms clip, peak chest displacement, and 
peak pelvic displacement criteria are presented in 
Figures 8, 9, and 10.  
 
The coefficients of determination for the OLC and 
ASI severity metrics in relation to the injury metrics 
are provided in Table 2. 
 

Table 2. Coefficients of Determination (R2) 
 OLC ASI 

HIC 0.025 0.039 

3 ms clip 0.006 0.013 

Peak Chest Displacement 0.013 0.019 

Peak Pelvic Acceleration 0.056 0.036 

 
Next, the crash severity metrics calculated with the 
crash test instrumentation data were compared to the 
same metrics calculated with the EDR data for the 
140 cases, all of which the EDRs flagged complete 
recording status. However, as discussed above, some 
cases did not record complete pulses despite the 
positive complete recording status on the EDRs. 
Figures 11, 12, and 13 show the percent differences 
for the 140 cases for each of the metrics. The black 
bars show the cases that had complete EDR crash 
pulses and the white bars show the incomplete EDR 
crash pulses using the end acceleration metric with 
the 2 g threshold. The maximum delta-v, OLC, and 
ASI values found using the crash test instrumentation 
data were used as the reference values.  
 
For the maximum delta-v comparison shown in 
Figure 11, the mean percent difference before the 
incomplete pulses were removed was -5.15%. After 
removing the incomplete pulses, the mean percent 
difference was -5.18 %. The magnitude of these 
percent differences agree with values found in 
previous work [7]. We also see that the EDRs 
underreport the maximum delta-v, consistent with the 
literature. 
 
 

 

 
 

 

 
Figure 8. The maximum delta-v values are plotted 
against the four injury metrics. 
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Figure 9. The OLC values are plotted against the 
four injury metrics. 
 
The OLC comparison is presented in Figure 12. The 
mean percent difference for the OLC values before 
incomplete pulses were removed was -16.4%. After 
removing the incomplete pulses, the average percent 
error decreased to -6.82%. As expected, the OLC 
severity metric was drastically affected by the 
inclusion of incomplete pulses. Note there were 15 
cases in which the percent difference was 100%, all 
of which had incomplete EDR pulses. Similar to the 
example presented in Figure 5, an OLC could not be 
calculated using the EDR data for these 15 cases. 

 

  

 

 
Figure 10. The ASI values are plotted against the 
four injury metrics. 
 
However, as mentioned earlier in this paper, a final 
displacement value may still be calculated. For these 
cases, the average final displacement of the model 
occupant with respect to the vehicle was 261 mm.  
 
The mean percent differences for the ASI values did 
not change a great deal with the inclusion of 
incomplete pulses, similar to the effect on maximum 
delta-v. In total the mean percent difference for the 
ASI was -5.62%. Excluding the incomplete pulses, 
this difference increased to -5.96%. The increase in 
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error suggests that complete pulses do not necessarily 
yield more accurate ASI values. 

 
Figure 11. Maximum delta-v percent differences 
(EDR with respect to instrumentation) for the 140 
cases. The black bars show the cases with complete 
pulses recorded by the EDRs. 

 
Figure 12. OLC percent differences (EDR with 
respect to instrumentation) for the 140 cases. The 
black bars show the cases with complete pulses 
recorded by the EDRs. 

   
Figure 13. ASI percent differences (EDR with 
respect to instrumentation) for the 140 cases. The 
black bars show the cases with complete pulses 
recorded by the EDRs. 
 
DISCUSSION 
 
As seen by the high amount of variability in Figures 
9 and 10 and the low coefficients of determination 
presented in Table 2, the OLC and ASI severity 
metrics do not appear to correlate well with the four 
injury metrics selected for this exploratory study. The 
OLC and ASI values demonstrated the strongest 
correlation with the peak pelvic accelerations.  

One limitation of this study is that all crash tests in 
the dataset were conducted at the same impact speed 
(56 km/h). The result was a small range of values for 
both maximum delta-v and ASI. The maximum delta-
v values ranged from 58.3 km/h to 68.5 km/h, and the 
ASI values ranged from 19.4 g to 33.1 g. The OLC 
values on the other hand had a greater spread of 
values, ranging from 21.2 g to 40.6 g. The smaller 
ranges of the severity metrics makes correlation to 
the injury metrics difficult. We cannot draw any 
conclusions about potential correlation of the severity 
metrics to injury at lower speeds with the dataset 
used in this study. As seen in the maximum delta-v 
scatterplots in Figure 8, there is a fair amount of 
variability for the injury metrics for vehicles 
undergoing the same crash test type and 
configuration. We expect variability as the vehicles 
may differ in their NCAP star rating. Future work 
could consider the star ratings in the analysis. 
 
Although the OLC model includes basic restraints in 
the definition, the metric is dependent solely on the 
crash pulse input of the vehicle for each case. To add 
to the robustness of the model and account for 
variability of restraints for different makes, models, 
and years of vehicles, one possible future 
improvement to the model could be variable restraint 
bounds. The current OLC model uses a constant 65 
mm of occupant to vehicle displacement to define the 
free flight phase and a constant 300 mm of occupant 
to vehicle displacement to define the phase of ideal 
restraint before contact with the steering column. 
Realistically, these two assumptions would vary in 
crashes depending on the restraint type and properties 
as well as seat track position.  
 
Each of the frontal crash test cases was visually 
checked at the beginning of the study, revealing that 
a substantial number of cases appeared to record 
incomplete pulses. However, one challenge was 
developing a reliable metric to determine whether a 
complete pulse was recorded. An end acceleration 
metric and a non-zero end acceleration metric were 
explored. The end acceleration metric was used for 
the assessment in the results of the incomplete pulses. 
There was an uneven distribution of model years for 
the incomplete pulses, with 20 of the 30 incomplete 
pulses from cases with model years prior to 2009. 
Considering the cases with model years prior to 2009 
were less than 40% of the overall dataset, there 
appears to be some relation between model year and 
crash pulse completeness. Newer EDRs may be 
better at recording complete crash pulses. Future 
research may continue to explore improved methods 
of classifying and characterizing EDR crash pulses in 
a pre-processing step. 
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Finally, as in seen in the results, incomplete EDR 
pulses affected some metrics more than others. In this 
study, we saw that the maximum delta-v and ASI 
crash severity metrics were relatively unaffected by 
the inclusion of incomplete crash pulses in the data. 
The maximum delta-v and maximum average 
acceleration, or ASI, occurred earlier in the crash 
pulse and did not appear to be affected by the early 
termination of the EDR recording. The OLC on the 
other hand required a complete crash pulse to 
pinpoint both the beginning and the end time for the 
phase of ideal restraint. For cases in which the pulse 
recording ends prematurely, the occupant model may 
not be displaced 300 mm with respect to the vehicle, 
in which case the OLC cannot be calculated. One 
post-processing technique that could improve this 
issue would be to amend the abbreviated crash pulses 
by assuming that the acceleration at the end of the 
pulse must be equal to zero and the end velocity will 
remain constant for the amount of time needed to 
reach t2 for the OLC. This approach would need to 
be tested in future research.  
 
CONCLUSION 
 
Overall, this study evaluated three widely used 
vehicle-based crash severity metrics including 
maximum delta-v, the Occupant Load Criterion, and 
the Acceleration Severity Index using 140 NCAP 
full-frontal crash tests. The metrics were computed 
both with reference accelerometers from the crash 
test instrumentation and with the Event Data 
Recorders. The assessment revealed that the OLC 
and ASI do not have a strong correlation with 
common injury metrics, HIC, 3 ms clip chest 
acceleration, peak chest displacement, or peak pelvic 
acceleration. Additionally, the results showed that 
incomplete crash pulse recordings influence vehicle-
based crash severity metrics to different degrees, and 
the metrics should be evaluated, in part, upon this 
dependency when considering implementation with 
EDR data for real world crashes. 
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 ABSTRACT 

Vehicle change in velocity, often referred to as delta-V, is a widely used measure of crash severity.  The National 
Highway Traffic Safety Administration (NHTSA) uses the WinSMASH computer code to estimate delta-V in several 
of its in-depth crash databases. This study examined the accuracy of WinSMASH longitudinal delta-V estimates in 
140 rear crashes by comparison with direct measurements of delta-V recorded by EDRs.  In the entire dataset, 
WinSMASH longitudinal delta-V was 4.5% lower on average than the delta-V based on direct measurements of 
acceleration from EDRs.   

WinSMASH accuracy varied widely by the degree of overlap.  WinSMASH was only 2% lower than EDRs in full 
engagement rear crashes, but 18-22 % lower in small and moderate overlap rear crashes.   WinSMASH accuracy 
appears to be a function of struck vehicle type.  WinSMASH delta-V estimates were only 3-4% lower for rear-struck 
LTVS, but were 10% lower than EDRs for passenger cars.  The lower accuracy of WinSMASH car delta-V estimates 
did not appear to be the result of LTV-to-car or car-to-LTV structural incompatibilities.   The lowest agreement 
between WinSMASH and EDRs occurred in car-to-car crashes.    

This paper is the first of a kind assessment of rear-struck vehicle delta-V reconstruction accuracy when using energy-
based methods, e.g. WinSMASH.  In our dataset, WinSMASH delta-V estimates were within 5% of EDR recorded 
direct measurements.  However, this level of accuracy was unevenly distributed across both crash overlap and struck 
vehicle type, and suggests opportunities for further improvements in WinSMASH accuracy.    
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INTRODUCTION 

Vehicle change in velocity, often referred to as delta-
V, is a widely used measure of crash severity.  The 
National Highway Traffic Safety Administration 
(NHTSA) uses the WinSMASH computer code to 
estimate delta-V in several of its in-depth crash 
databases including the National Automotive 
Sampling System Crashworthiness Data System (NASS 
CDS), the newer Crash Investigation Sampling System 
(CISS), the Crash Injury Research and Engineering 
Network (CIREN) study, and the NHTSA Special Crash 
Investigations (SCI) study.  WinSMASH estimates of 
delta-V are based on post-crash vehicle deformation 
measured by crash investigators, and vehicle stiffness 
values derived from staged crash tests [Sharma et al, 
2007]. 

WinSMASH stiffness values in rear crashes are 
obtained from NHTSA’s FMVSS No. 301 Fuel System 
Integrity compliance tests.  Prior to model year (MY) 
2007, the Federal Motor Vehicle Safety Standard 
(FMVSS) No. 301 test consisted of a 1814 kg (4000 lbs) 
movable rigid impactor which struck the rear of the 
subject vehicle at 48 km/hr (30 mph).  The impact 
involved full engagement of the rear of the subject 
vehicle.  In December 2003, NHTSA amended FMVSS 
No. 301 to increase the severity of the test [68 FR 
67068].  Phase-in of the higher-severity FMVSS rear 
crash test occurred from MY 2007 to MY 2009. The 
upgraded FMVSS No. 301 rear crash test requires 
striking the rear of the subject vehicle at 80 km/h (50 
mph) with a 1,368 kg (3,015 lbs) moving deformable 
barrier at a 70% overlap with the subject vehicle.   

Previous studies have used Event Data Recorders 
(EDRs) to investigate the accuracy of WinSMASH in 
both frontal and side collisions [Niehoff and Gabler, 
2006, Hampton and Gabler, 2009, 2010; Johnson and 
Gabler, 2014].  However, the accuracy of WinSMASH 
in rear crashes has never been examined using EDRs.  
The earliest generation of EDRs, introduced by 
General Motors Company (GM) in MY 1995, only 
recorded longitudinal delta-V when the vehicle was 
struck in the front.  Beginning in MY 2004, GM EDRs 
began to record longitudinal delta-V as well when 
struck in the rear.  This practice of recording delta-V 
in rear crashes has since also been implemented by 
several other automakers.   The availability of EDR 
delta-V measurements in rear crashes provides a 
unique opportunity to examine the accuracy of 
WinSMASH in rear crashes.   

OBJECTIVE 

The objective of this study is to determine the 
accuracy of WinSMASH delta-V estimates in rear 
crashes. 

APPROACH 

The study was based upon cases extracted from NASS 
CDS 2006-2015 involving rear-struck vehicles with 
EDR downloads.  The study examined all EDRs imaged 
in NASS CDS from 2000-2015.   However, there were 
no EDRs in our dataset which recorded rear crashes 
prior to MY 2004, and no cases from NASS CDS earlier 
than NASS CDS 2006. 

Cases included in the study were restricted to 
collisions in which the most harmful event for the 
subject was a rear impact.  In this study, a rear impact 
was defined to be a crash in which the general area of 
damage was to the rear plane of the vehicle.  
Collisions were included in which the rear crash was 
the only event, or a two-event crash in which a rear 
impact was followed by a frontal impact, or a two-
event crash in which a frontal impact was followed by 
a rear impact.  Rollovers were excluded.  Any case 
involving a side impact was excluded as the 
longitudinal component of a side crash pulse could 
potentially be misinterpreted as a frontal or rear 
crash pulse depending on the sign of the delta-V. 

The data from all EDRs were examined to ensure that 
delta-V was completely recorded.  In previous studies 
which analyzed the accuracy of EDRs in frontal crash 
tests, the longitudinal delta-V recorded by EDRs has 
been shown to be, on average, within 6-7% of the 
delta-V computed from crash test instrumentation 
[Niehoff et al, 2005; Tsoi et al, 2013].  In the current 
study, the longitudinal delta-V recorded by the EDR in 
each case was compared with the WinSMASH 
longitudinal delta-V coded in NASS CDS.   The 
difference between WinSMASH and EDR delta-V was 
examined as a function of percent overlap, (i.e. small 
overlap, moderate overlap, or full engagement), 
struck vehicle body type, striking-struck vehicle 
pairing, and the reconstruction algorithm, e.g., the 
missing vehicle algorithm. Struck vehicle body type 
was categorized as either a car or LTV (light truck or 
van).  LTVs included pickup trucks, sport utility 
vehicles (SUVs), minivans, and full-sized vans. 

Crash mode was based on the specific horizontal 
damage location (SAE J224, 1980).  As illustrated in 
Figure 1, the specific horizontal location divides the 
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struck plane of the vehicle into 3 approximately equal 
regions.  A small overlap was defined as an impact to 
the “L” or “R” region of the rear of the struck vehicle, 
or approximately 1/3 engagement. A moderate 
overlap was defined as an impact to the “Y” or “Z” 
region of the rear of the struck vehicle, or roughly 2/3 
engagement. Finally, a full engagement impact was 
defined as an impact to the “D” region.  Note that the 
upgraded FMVSS No. 301 rear test corresponds 
approximately to the moderate overlap crash mode 
under this definition.  

 

Figure 1. Definition of Specific Horizontal Damage 
Location 

RESULTS  

Composition of Data Set 
The resulting dataset contained EDR downloads from 
140 rear-struck vehicles.  Table 1Table 1 presents the 
composition of the dataset by vehicle make, model 
year, crash mode, struck vehicle type, WinSMASH 
reconstruction method, the presence of potential 
structural mismatch both in terms of car vs. LTV 
collision pairing and override assessment by the crash 
investigator.  

Most crashes involved full structural engagement, i.e. 
in which the damage to the struck vehicle was 
distributed across the entire rear of the vehicle.  Over 
half of the EDRs in our sample were from GM vehicles. 
This is because GM was the first automaker to widely 
deploy EDRs in their vehicles.  Most cases (68%) in the 
dataset were MY2009 or later, and would have been 
subject to the revised FMVSS 301.  Over 2/3 of the 
struck vehicles were cars.  Investigators performed a 
large fraction (42%) of the WinSMASH estimates 
based only on crash damage estimates from one 
vehicle i.e. the missing vehicle algorithm.  Nearly half 
of all collisions were car-to-LTV or LTV-to-car 
collisions with the potential for mismatch of 
structural frame elements.   However, investigators 
only explicitly noted one case of structural override.  
In this case, a 2003 GMC Sonoma pickup truck struck 
the rear of a 2004 Chevrolet Malibu. 

 

Table 1. Composition of the Dataset 

 Number 
of Cases 

% 
Cases 

All Vehicle Cases 140 100% 
 

Vehicle Make 

Chrysler 12 9% 

Ford 19 14% 

GM 73 52% 

Toyota 36 26% 

   

Model Year 

2004 2 1% 

2005 8 6% 

2006 10 7% 

2007 14 10% 

2008 11 8% 

2009 13 9% 

2010 12 9% 

2011 27 19% 

2012 14 10% 

2013 18 13% 

2014 8 6% 

2015 3 2% 

 

Crash Mode 

Distributed(Full Engagement) 75 54% 

Moderate Overlap 34 24% 

Small Overlap 21 15% 

Unknown 10 7% 

 

Struck Vehicle Type 

Car 91 65% 

LTV 49 35% 

   

Collision Pairing 

Car->Car 51 36% 

Car->LTV 26 19% 

LTV->Car 40 29% 

LTV->LTV 23 16% 

 

Override/Underride 

None 133 95% 

Override 1 1% 

Unknown 6 4% 

 

WinSMASH Algorithm 

Crash Damage of Both 
Vehicles Known 

81 58% 

Missing Vehicle Algorithm 59 42% 
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Comparison of WinSMASH and EDR delta-V 
Figure 2 compares the longitudinal delta-V recorded 
by the EDR and the corresponding WinSMASH 
longitudinal delta-V estimate for each case.   Points 
on the solid diagonal line represent cases in which 
there was perfect agreement between the EDR and 
WinSMASH.  The dashed line is a linear regression fit 
to the data with the intercept set to zero.  On average, 
the WinSMASH delta-V was less than 5% (4.5%) below 
the EDR recorded delta-V.  However, there was a 
substantial amount of dispersion about the fit.   

 

Figure 2.  Overall Comparison of EDR and 
WinSMASH Delta-V 

Figure 3 examines whether WinSMASH accuracy may 
be affected by the degree of structural engagement.   
As described earlier in this paper, the study 
considered three different levels of structural 
engagement, i.e. full engagement, moderate overlap, 
and small overlap.   In full engagement crashes, in 
which crash damage was distributed across the entire 
rear plane of the struck vehicle, WinSMASH delta-V 
on average was only 2% lower than the EDR 
recording.   In contrast, in moderate overlap, 
WinSMASH underestimated longitudinal delta-V by 
nearly 20% (18.5%).   Similarly, in small overlap cases, 
WinSMASH underestimated EDR delta-V by 22%.  This 
finding is consistent with the manner in which 
WinSMASH stiffness coefficients were computed.  
The WinSMASH stiffness coefficients were developed 
from the older full-engagement FMVSS No. 301 rear 
crash tests.  This result indicates that WinSMASH may 
be less accurate as the crash diverges further away 
from the test mode used to develop the stiffness 
coefficients. 

 

 

Figure 3.  EDR vs. WinSMASH Delta-V as a function 
of Crash Mode 

Figure 4 indicates that WinSMASH accuracy is a 
function of struck vehicle type.  The sample in this 
figure has been divided into a set of struck cars and 
struck LTVs.  In our dataset, WinSMASH 
overestimates longitudinal delta-V for rear struck 
LTVs by only 3-4%.  However, WinSMASH 
underestimates delta-V for cars by nearly 10%.   
Figure 4 also shows that the delta-Vs of cars were 
much larger in general than the delta-Vs of LTVs.    
With only one exception, all LTV delta-Vs were below 
31 km/hr.  In contrast, over 20% of the car delta-Vs 
(19 of 91 cases) were over 31 km/hr.     

Higher delta-V crashes would involve large 
deformations which may be beyond the deformation 
observed in FMVSS No. 301 tests from which the 
stiffness coefficients were derived. The average 
maximum crush observed in crash tests was 38 cm for 
cars and 28 cm for LTVs.  The average delta-v in crash 
tests was 27 km/hr (17 mph) and 24 km/hr (15 mph) 
for cars and LTVs, respectively.  

The higher delta-Vs of struck cars could be due to a 
mismatch in mass between cars and their collision 
partners.  The higher car delta-Vs in car-to-LTV 
impacts are consistent with the fact that cars are on 
average lighter than LTVs, and would likewise have a 
higher delta-V on average.  Note however that these 
higher delta-V values could also occur if cars were 
being struck at a higher speed than were LTVs.  
However, it is not obvious why rear-struck cars might 
experience a higher impact speed than LTVs. 
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Figure 4.  EDR vs. WinSMASH Delta-V as a function 
of Struck Vehicle Type 

One possible explanation for the difference in 
accuracy is that in collisions between cars and LTVs 
there can be a mismatch between the height of the 
front and rear structures of these vehicles.  These 
geometric mismatches can lead to one vehicle 
overriding or underriding the collision partner.  As the 
FMVSS No. 301 tests do not involve 
override/underride, the associated stiffness values 
derived from these tests may not properly 
characterize the actual stiffness in a real world crash.    

Figure 5Figure 5 examines WinSMASH accuracy as a 
function of collision partner pairing.  Interestingly, 
WinSMASH exhibits the worst underestimation of 
delta-V (12%) in car-to-car crashes.  Car-to-car 
impacts should be the collisions with the best 
geometric compatibility, but exhibit the highest 
WinSMASH inaccuracy.   In contrast, WinSMASH 
underestimated car-to-LTV struck vehicle delta-V by 
only 4%, and underestimated LTV-to-car struck 
vehicle delta-V by only 5%.  In our dataset, structural 
incompatibility did not appear to be a major factor in 
WinSMASH accuracy.

 

Figure 5.  EDR vs. WinSMASH Delta-V as a function 
of Collision Partner Pairing 

Figure 6 examines the accuracy of WinSMASH as a 
function of the WinSMASH algorithm used in the 
reconstruction.  WinSMASH computes delta-V based 
upon post-crash deformation measurements.  Ideally, 
the post-crash measurements are available for both 
vehicles.  In some cases, however, crush 
measurements are only available for one of the 
vehicles.  In these cases, investigators can use the 
WinSMASH missing vehicle algorithm to estimate 
delta-V [Prasad, 1991].  In our dataset, investigators 
used the missing vehicle algorithm in 42% of cases.  
With less information, the missing vehicle algorithm 
would be expected to provide a less accurate 
estimate.    However, in our dataset the missing 
vehicle algorithm overestimated delta-V by only 
1.6%.  In contrast, when crash damage measurements 
from both vehicles were available, WinSMASH 
underestimated delta-V by nearly 10%.   

 

Figure 6.  EDR vs. WinSMASH Delta-V as a function 
of WinSMASH algorithm 

Limitations 
Older full engagement FMVSS No. 301 tests were the 
basis for many of the WinSMASH stiffness values and 
may explain the higher accuracy in full engagement.  
FMVSS No. 301 tests conducted to the recent test 
upgrade are moderate overlap tests, and collection of 
this stiffness data should improve WinSMASH 
accuracy in the future.   The conclusions of this study 
are limited by the small dataset and the study should 
be revisited when additional EDRs from rear-struck 
vehicles are available. 

WinSMASH only calculates the delta-V up to the point 
of maximum crush ignoring the restitution effects.  
The EDR delta-V is the total delta-V at separation 
which includes restitution.  Therefore, some 
difference is expected between the WinSMASH 
estimates and EDR delta-V. 
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CONCLUSION  

This study has examined the accuracy of WinSMASH 
longitudinal delta-V estimates in 140 rear crashes by 
comparison with direct measurements of delta-V 
recorded by EDRs.  In the entire dataset, WinSMASH 
longitudinal delta-V was 4.5% lower on average than 
the delta-V based on direct measurements of 
acceleration from EDRs.   

WinSMASH accuracy varied widely by the degree of 
overlap.  WinSMASH was only 2% lower than EDRs in 
full engagement rear crashes, but 18-22 % lower in 
small and moderate overlap rear crashes.   
WinSMASH accuracy appears to be a function of 
struck vehicle type.  WinSMASH delta-V estimates 
were only 3-4% lower for rear-struck LTVS, but were 
10% lower than EDRs for passenger cars.  The lower 
accuracy of WinSMASH car delta-V estimates did not 
appear to be the result of LTV-to-car or car-to-LTV 
structural incompatibilities.   The lowest agreement 
between WinSMASH and EDRs occurred in car-to-car 
crashes.    

This paper is the first of a kind assessment of rear-
struck vehicle delta-V reconstruction accuracy when 
using energy-based methods, e.g. WinSMASH.  In our 
dataset, WinSMASH delta-V estimates were within 
5% of EDR recorded direct measurements.  However, 
this level of accuracy was unevenly distributed across 
both crash overlap and struck vehicle type, and 
suggests opportunities for further improvements in 
WinSMASH accuracy.    
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ABSTRACT 
 
The purpose of this study was to identify side impact crashworthiness trends since the enhanced NCAP rating 
system was implemented for 2011 and later model year vehicles.  Publically available test results from NHTSA’s 
crashworthiness database for 2011 to 2016 model year vehicles were collected.  This study used new vehicle tests 
only.  No carry over performance data was used.  Commercial statistics software was used to observe vehicle 
crashworthiness performance, injury metrics, restraint, and vehicle deformation trends.  Mean side impact relative 
risk score improved from 2011 to 2015, with the largest improvement occurring from 2012 and 2013.  Both the 
driver and rear occupant demonstrated reduced injury metrics over the years examined, with the largest reductions 
from 2012 to 2013.  During this same time period, the use of torso-abdomen-pelvis side airbags increased by 13.5 
percent.  Additionally, B-pillar deformation was reduced by 55 mm over the study period with the largest reduction 
occurring from 2012 to 2013.  Though causative mechanisms for injury metric reductions could not be determined, 
this study documented the changes observed in crashworthiness performance, restraint system, and vehicle 
deformation. 
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BACKGROUND AND OBJECTIVE 
 
In January of 2007, the US National Highway Traffic 
Safety Administration (NHTSA) announced its 
intention to enhance the existing New Car 
Assessment Program (NCAP) to better “distinguish 
meaningful performance differences between 
vehicles” and to encourage automobile manufacturers 
to design vehicles that exceed safety regulation 
requirements [1]. Beginning with 2011 model years, 
NHTSA began a new method for evaluating side 
impact crashworthiness performance.  This new 
method adopted two dynamic performance 
assessments: a crabbed 62 km/h lateral impact 
movable deformable barrier (MDB) and an oblique 
75˚ 32 km/h pole impact aimed at the driver head’s 
center of mass.  In the MDB test, injury metrics are 
evaluated with a EuroSID-2re (driver) and SID-IIs 
(rear passenger) anthropomorphic test devices (ATD).  
This update was predicted to reduce injuries and 
fatalities in side impact motor vehicle crashes. Yet, 
there is limited information on broader vehicle 
performance trends and restraint content since the 
introduction of these test modes.  Therefore, the 
objective of the present study was to identify trends 
in injury metrics and vehicle performance correlated 
with NCAP side impact ratings for 2011 – 2016 
model years.  
 
METHODS  
 
Data was obtained from the public NHTSA Vehicle 
Crashworthiness Database [2].  This database 
includes NHTSA-selected and voluntary NCAP tests 
for each NCAP year.  For this study, side impact 
NCAP [SINCAP] MDB and SINCAP Pole test data 
were obtained.  For each crash test mode conducted, 
NHTSA collected vehicle dynamic and static 
measurements and recorded vehicle characteristics.  
The subset of these data selected for this study are 
shown in Table 1.  These include B-pillar crush (at 
mid door [referred to as level 2], hip point [referred 
to as level 3], and window sill [referred to as level 4] 
heights), maximum vehicle crush (at sill top, mid 
door, hip point, and window sill heights), sill height 
(at front wheel well, front door leading edge, B-pillar, 
and rear wheel well), sill height to window bottom 

sill, front window opening height, occupant seating 
measurements (hip point to striker x distance, chest to 
steering wheel distance, head to side header, head to 
side window, arm to door, and hip point to door), 
vehicle mass, and front and rear SAB types.  In 
addition, peak injury metric results were obtained 
from NHTSA’s NCAP Combined Crashworthiness 
Rating Calculators for each dummy in the two side 
impact rating tests [3-8].  These injury metrics are 
shown in Table 2.   
 

Table 1. 
Vehicle Characteristics and Measurements Used 

in This Study 

 
 

Table 2. 
Recorded Injury Metrics 

 
 
Analysis of MDB and Side Pole test results and 
vehicle characteristics with respect to model year was 
conducted with Minitab (version 17, Minitab, Inc. 
State College, PA).  Although vehicle ratings may 
carry over from year to year, in this study each model 
change which warranted testing occurred in the data 
only the first year it was in the market.  Analysis was 
intended to find trends with respect to model year and 
to identify vehicle features correlated with dummy 
injury metrics.  The relative risk score (RRS) is 
commonly used to quantify the injury risk associated 
with each occupant in NHTSA’s test modes.  A 
combination of each occupant RRS in the side impact 

Vehicle Type Front Window Opening

Front SAB Type B-Pillar Crush at Mid Door Height (L2)

Rear SAB Type (if present) B-Pillar Crush at Occupant Hip Point Height (L3)

Automatic Door Locks B-Pillar Crush at Window Sill Height (L4)

ADL Disable Capability Sill Top Height Max Crush

Front Axle Mass Mid Door Height Max Crush

Rear Axle Mass Occupant Hip Point Height Max Crush

Front PT Deployed Window Sill Height Max Crush

Rear PT Deployed Occupant Hip Point to Striker

Sill Height at Front Wheel Well Chest to Steering Wheel

Sill Height at Front Door Leading Edge Head to Side Header

Sill Height at B-Pillar Head to Side Window

Sill Height at Rear Wheel Well Arm to Door

Sill Height to Window Bottom Sill Hip Point to Door

Pole Test

Driver Rear Passenger Driver

HIC36* HIC 36* HIC 36*

Rib Deflection* Rib Deflection Rib Deflection

Lower Spine Acceleration Lower Spine Acceleration Lower Spine Acceleration

Abdomen Load* Combined Pelvis Force* Combined Pelvis Force*

Pelvic Load*
*Indicates an injury metric used to calculate the RRS for that occupant

MDB Test

Recorded Injury Metrics
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tests was used to quantify each vehicle’s side impact 
performance.  The driver RRS consists of the MDB 
(80%) and the Pole (20%) results.  The following 
injury metrics were used to determine the driver RRS 
in the MDB test: HIC36, maximum rib deflection, 
abdomen force, and pelvis load.  Two injury metrics 
from the Pole test were also used to determine the 
front occupant RRS: HIC and combined pelvis force.  
The rear passenger RRS was determined by HIC and 
combined pelvis force recorded during the MDB test.  
Table 3 shows how RRS relates to NHTSA’s 5-star 
rating scheme [3].  
 

Table 3.   
RRS Correlation to Star Rating 

 
 
RESULTS 
This database investigation yielded complete data for 
279 new or majorly updated vehicles.  The sample 
size and the vehicle type distribution varied each year 
(Fig. 1).  The largest sample size was in 2012; the 
smallest sample size was in 2016.  Car and unibody 
SUVs made up the majority of each year’s sample.   
 

 

Figure 1. The sample sizes of each vehicle type 
(Body on Frame SUV, Car, Coupe, Truck, Unibody 
SUV, and Van) with available data from 2011 to 
2016 (not including performance carry over). 
 
 

Side Impact Relative Risk Score 
From 2011 to 2015 the mean side impact RRS 
decreased from 0.64 to 0.33 (Fig. 2).  The period 
from 2012 to 2013 accounted for 76% of this 
decrease. 
 

 
Figure 2. Side overall RRS results with respect to 
NCAP model year. 
 
ATD Results 
To understand the correlations with side impact RRS 
trends, individual occupant RRSs were investigated.   
 
     Driver MDB driver mean RRS decreased each 
year from 0.64 in 2011 to 0.34 in 2015 (Fig. 3).  Pole 
driver mean RRS decreased from 2012 to 2015 (Fig. 
4).  Both Pole and MDB driver RRS experienced the 
largest decrease from 2012 to 2013 (49% and 51% of 
the corresponding ranges were accounted for by this 
one year).   
 

 
Figure 3. MDB driver mean RRS with respect to 
NCAP model year. 

Star Rating RRS Values
5 Stars RRS < 0.67
4 Stars 0.67 ≤ RRS < 1.00
3 Stars 1.00 ≤ RRS < 1.33
2 Stars 1.33 ≤ RRS < 2.67
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Figure 4. Pole driver mean RRS results with respect 
to NCAP model year. 
 
     Rear Passenger The rear passenger mean RRS 
(from the MDB test) ranged from 0.59 in 2012 to 
0.27 in 2016 (Fig. 5).  Of this range, 83% was 
accounted for by the change from 2012 to 2013. 
   

 
Figure 5. The MDB rear passenger mean RRS 
results with respect to NCAP model year.   
 
Injury Metric Results 
Both driver and rear passenger RRS values 
experienced the most improvement from 2012 to 
2013.  Injury metric results were examined to provide 
a more detailed breakdown of these improvements.  
Injury metric results were obtained from NHTSA’s 
NCAP Combined Crashworthiness Rating Calculator 
[3-8].  Injury risk lines are shown in this section’s 
figures to provide a reference of injury metric 
severity. 
 
     Driver The yearly mean of each injury metric are 
shown in Figures 6-9.  There was no clear trend in 
HIC36. Average rib deflection ranged from 26.5 mm 
in 2011 to 20.4 mm in 2015.  The largest decrease 
occurred from 2012 to 2013 (25.7 mm to 21.6 mm).  

Abdomen load decreased from 960 N in 2012 to 742 
N in 2015 with the largest decrease of 118 N from 
2012 to 2013.  The pelvic load decreased each year.  
The pelvic load ranged from 1943 N in 2011 to 1405 
N in 2016. 
 

 
Figure 6. MDB driver mean HIC with respect to 
NCAP model year. 
 

 
Figure 7. MDB driver mean rib deflection with 
respect to NCAP model year. 
 

 
Figure 8. MDB driver mean abdomen load with 
respect to NCAP model year. 

201620152014201320122011

1.0

0.8

0.6

0.4

0.2

0.0

MY

Po
le

 R
RS

Pole Driver RRS

201620152014201320122011

1.0

0.8

0.6

0.4

0.2

0.0

MY

Pa
ss

en
ge

r R
RS

MDB Passenger RRS

201620152014201320122011

180

160

140

120

100

80

60

40

20

0

MY

H
IC

36

0.1% Injury Risk

MDB Driver HIC36

201620152014201320122011

30

25

20

15

10

5

0

MY

Ri
b 

D
ef

le
ct

io
n 

(m
m

)

5% Injury Risk

2.5% Injury Risk

MDB Driver Rib Deflection

201620152014201320122011

1000

800

600

400

200

0

MY

Ab
do

m
en

 L
oa

d 
(N

)

2.5 % Injury Risk

1% Injury Risk

MDB Driver Abdomen Load



  Buck 5  
 

 
Figure 9. MDB driver mean pelvic load with respect 
to NCAP model year. 
 
The Pole results show that HIC36 trended toward a 
stable value of approximately 300, while combined 
pelvis force steadily decreased from 4080.8 N in 
2011 to 3161.5 N in 2015 (Figs. 10-11).  It is 
important to note that four tests from 2012 and one 
test from 2013 had some HIC36 values not compliant 
with FMVSS 214, which was phasing in during this 
period.  This may have biased the means during that 
year.  Therefore, Figure 10 shows median values with 
solid blue dots. 
 

 
Figure 10. Pole driver mean and median HIC with 
respect to NCAP model year. 
 

 
Figure 11. Pole driver mean combined pelvis force 
with respect to NCAP model year. 
 
     Rear Passenger HIC36 showed no trend during 
the years observed (Fig. 12).  However, pelvis load 
decreased each year from 3388.1 N in 2011 to 2625.8 
N in 2016, with the largest load reduction of 334.1 N 
occurring from 2012 to 2013 (Fig. 13).  

 
Figure 12. MDB rear passenger mean HIC with 
respect to NCAP model year. 
 

 
Figure 13. MDB rear passenger mean combined 
pelvis force with respect to NCAP model year. 
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Restraints and Intrusion Characteristics 
Airbag type and intrusion characteristics were 
gathered from NHTSA’s published test reports.  
Torso-Abdomen-Pelvis (TAP) side airbags were 
increasingly implemented in the vehicles observed 
each year after 2012.  A 13.5% rise in TAP airbag 
use was observed from 2012 to 2013 and a 35% rise 
occurred from 2012 to 2016 (Fig. 14).  Note again 
that these results do not include carry over vehicles.  
The percentage of SABs in each year’s sample does 
not represent SAB percentage in that year’s fleet.   
 

 
Figure 14. Side airbag in the new vehicles each year 
as a percentage of the sample size (Fig. 1).  TAP 
airbags are shown in green.  
 
Mean B-pillar crush at mid door height (L2), hip 
point height (L3), and window sill height (L4) 
decreased the most from 2012 to 2013 (Fig. 15).  L2 
ranged from 214.6 to 159.5 mm, L3 ranged from 
210.5 to 159.1 mm, and L4 ranged from 119.1 to 82.8 
mm. 
 

 
Figure 15. The mean B-pillar crush at three heights 
with respect to NCAP model year. 
 
 
 

DISCUSSION 
 
The purpose of this study was to identify side impact 
crashworthiness rating trends since the enhanced 
NCAP rating system was implemented for 2011 and 
later model year vehicles.  Several trends were 
observed in the gathered data.  The highest level 
trend observed was the reduction in side overall RRS 
from 2011 to 2013 (Fig. 2).  Additionally, side 
overall RRS experienced the largest decrease from 
2012 to 2015.  Since side overall RRS depends on 
SINCAP Pole driver and MDB driver and passenger 
RRS, the authors then looked for similar trends in 
those individual RRS values.  Both driver RRSs 
followed the same trend as the side overall RRS.  The 
MDB rear passenger however, experienced a large 
decrease from 2012 to 2013 and appeared to level off 
after that change (Fig. 5).   
 
     Driver Injury Metric Trends Rib deflection, 
abdomen load, and pelvis load from the MDB tests 
showed clear trends.  All three mean injury metrics 
improved from 2012 to 2013 and from 2014 to 2015.  
Table 4 below shows the injury metric change 
direction from year to year (downward arrows 
represent improvement).  Green cells were used to 
indicate injury metric changes with the same change 
direction as the occupant RRS.  Bold arrows 
represent the largest change observed for that injury 
metric.   

Table 4.   
Injury Metric and RRS Yearly Change Direction 

for MDB Driver 

 
 
The large rib deflection and abdomen load reductions 
from 2012 to 2013 contributed to the largest 
improvement in MDB driver RRS.   
 
The Pole driver had a clear trend in combined pelvis 
load over the observed time period.  Table 5 shows 
how the combined pelvis changed each year with 
respect to the Pole driver RRS. 
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Table 5.   
Injury Metric and RRS Yearly Change Direction 

for Pole Driver 

 
 
The direction of combined pelvis load change each 
year was the same as that of the Pole driver RRS 
change.   
 
The injury metric changes in Tables 4 and 5 suggest 
that occupant protection technology changed each 
year, and improved from 2011 to 2015.  Previous 
research has found that vehicle intrusion has a  
relationship with side impact occupant injury metrics 
[10, 11].  The chest deflection trend observed from 
the MDB test matched the B-pillar intrusion trends at 
levels two and three (Fig. 7 and 15).  Therefore, the 
findings of this study agree with the literature.  
Additionally, side airbag use has been previously 
correlated with injury reductions [12].  Figure 14 
shows a large increase of TAP side airbag 
implementation in new vehicles released between 
2012 to 2013.  TAP airbag use continued to increase 
the following years in smaller increments.  This 
correlates well with the large injury metric 
improvements observed from 2012 to 2013 and the 
smaller improvements the following years in both the 
MDB and Pole tests.  
 
While restraint changes and intrusion characteristics 
affect recorded occupant injury metrics, it is difficult 
to quantify their effect with a sample of different 
vehicle models each year.  Therefore, these results 
should be interpreted as correlative rather than 
causative. 
 
     Passenger Injury Metric Trends The rear 
passenger from the MDB test had a clear reduction in 
combined pelvis load each year.  Table 6 shows the 
yearly changes in this injury metric relative to the 
MDB rear passenger RRS. 

 
 
 
 
 

Table 6.   
Injury Metric and RRS Yearly Change Direction 

for MDB Passenger 

 
 
Intrusion characteristics or restraint trends for the rear 
seat were not investigated for this study.  An 
additional study may be conducted in the future to 
observe injury, restraint, and intrusion correlations.   
 
LIMITATIONS 
    
Several limitations should be considered when 
interpreting the results of this study.  First, the 
authors relied on NHTSA’s publically available data 
and did not confirm report contents.  Therefore, any 
data entry errors were not corrected.  However, the 
authors attempted to control this by omitting any 
incomplete data from the study.  Second, this study 
did not consider changes to vehicles not contained in 
NHTSA’s test reports.  For example, structural 
design changes or detailed SAB characteristics could 
not be explored.  Yet, this sample comprised of only 
the available and complete test data found relevant 
trends in vehicle safety features.  Third, carry over 
ratings and test data were not used to show whole 
fleet trends.  However, this study does represent 
trends in new and majorly changed vehicles.  Lastly, 
the vehicles in the sample were not the same each 
year, making direct comparisons difficult.  However, 
by containing only new models in the sample, trends 
were observed for the newly engineered vehicles.   
 
CONCLUSIONS 
 
NHTSA’s evaluation enhancements starting with 
model year 2011 were predicted to improve vehicle 
crashworthiness and reduce occupant injuries.  The 
RRS associated with laboratory tested side impacts 
did decrease each year, with the largest drop 
occurring from 2012 to 2013.  RRS improvement was 
traced back to a reduction in injury metrics in both 
MDB and Pole tests, and in both occupants during 
this time period.  Mean B-pillar intrusion decreased 
the most from 2012 to 2013 at the three heights 
observed and TAP airbag use increased by 13.5% 

2011 to 2012 2012 to 2013 2013 to 2014 2014 to 2015 2015 to 2016

↓ ↓ ↓ ↓ ↑

Combined 
Pelvis Load

↓ ↓ ↓ ↓ ↑

Pole Driver RRS

Change from…
2011 to 2012 2012 to 2013 2013 to 2014 2014 to 2015 2015 to 2016

↑ ↓ ↓ ↑ ↓

Combined 
Pelvis Load ↓ ↓ ↓ ↓ ↓

Change from…

MDB Passenger RRS
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that year.  MDB Driver rib deflection had a similar 
trend to the B-pillar deformations observed at level 
two and three heights.  Though direct cause of injury 
metric improvement cannot be determined due to 
many variables changing in the samples each year, 
correlations were observed between injury metrics, 
restraints, and intrusion characteristics. 
 
DISCLAIMER  
 
Any views or opinions expressed herein are those of 
the authors and do not necessarily reflect those of 
Toyota Motor North America. 
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ABSTRACT 
 
Motor vehicle crashes remain the leading cause of death among teens 16-20 years of age (CDC 2015).  It is widely 
accepted that this risk stems from inexperience and driving skill deficits among novice drivers. Recently developed 
advanced driver assistance systems (ADAS) have the potential to compensate for skill deficits and reduce overall 
crash risk. Yet, ADAS is only effective if drivers are willing to use it. Limited research has been conducted on the 
suitability of ADAS for teen drivers. The goal of this study is to identify teen drivers' perceived need for ADAS, 
receptiveness to in-vehicle technology, and intervention preferences. The long-term goal is to understand public 
perceptions and barriers to ADAS use and to help determine how these systems must evolve to meet the needs of the 
riskiest driving populations.  
 
Three focus groups (N = 24) were conducted with licensed teen drivers aged 16-19 years. Discussion topics included 
views related to the impact of ADAS on teen driving behavior as well as technology preferences. Discussions were 
transcribed; the team used conventional content analysis and open coding methods to identify 12 coding domains 
and code transcripts with NVivo 10. This paper will focus on 3 themes: Views on customization of ADAS; ADAS 
as supplemental assistance; and overall value of ADAS. Inter Rater Reliability testing showed moderate to very high 
Kappa Scores.  
 
Overall, participants recognized potential benefits of ADAS, including improved safety and crash reduction. 
Participants suggested that ADAS is still developing and therefore, at this stage, they would prefer it to be used as a 
supplemental aid to the driver, who will retain ultimate control. Participants overall agreed that ADAS technologies 
should be customizable to the needs and preferences of the end-user, and yet all agreed that this technology holds 
value and could be instrumental in reducing death and injury from motor vehicle crashes. 
 
This study elicited important end-user viewpoints by exploring the intersection between advanced automobile safety 
technology and human perception for the particular use case of teen drivers. This understanding will ultimately 
advance the safety of teen drivers by identifying barriers to effective ADAS use.
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INTRODUCTION  
 
Motor vehicle crashes remain the leading cause of 
death among teens 16-20 years of age (CDC 2015).  
It is widely accepted that this risk stems from 
inexperience and driving skill deficits among novice 
drivers. Advanced driver assistance systems (ADAS), 
including warning systems – such as forward 
collision warning (FCW) and lane departure warning 
(LDW) – and automated features – such as automatic 
emergency braking (AEB)– have the potential to 
compensate for teen driver skill deficits and reduce 
overall crash risk. However, limited research has 
been conducted on the efficacy of ADAS and novice 
teen drivers – the population with the greatest 
potential to benefit from such systems. ADAS is only 
effective if drivers are willing to purchase and use 
ADAS and are receptive to how ADAS presents 
warnings or autonomously corrects for driver 
misbehavior. 
 
A significant study involving novice teen drivers and 
ADAS, the Teen Integrated Vehicle-Based Safety 
System (IVBSS) Field Operations Test (Buonarosa 
2013), evaluated the effect of integrated crash 
warning systems on teen driving behavior. Warning 
systems had a small positive effect, possibly because 
the warnings delivery mode was not well calibrated 
to the teens’ intervention preferences. Results from a 
post-study survey showed that, while teens were 
generally receptive to the integrated warnings, certain 
warnings, like FCW – arguably the most important 
for teen drivers – were not viewed as favorable as 
blind spot detection and LDW.  
 
To gain further insight into this topic, the current 
study utilized focus groups to conduct a qualitative 
assessment of novice teen drivers’ perceptions of 
ADAS to help determine how ADAS design could 
best meet the needs and preferences of novice teen 
drivers and maximize this population’s acceptance of 
and compliance with ADAS. Ultimately, identifying 
these preferences will allow ADAS designers to 
create systems that have a greater likelihood of 
reducing teen driver injury and death on the 
roadways. 
 
METHODS  
 
All study protocol were reviewed and approved by 
the Internal Review Board at CHOP. Exclusion 
criteria included: not fluent in written or spoken 
English; and subjects who, in the opinion of the 
Investigator, may be non-compliant with study 
schedules or procedures.  
 

We employed standard focus group methodology 
(Krueger 2000) to study the teen population, since 
group interaction and the cross-stimulation of ideas 
would likely foster discussion on this novel topic. We 
conducted three focus groups with teens (16-19 years 
old) with a full driver’s license. 
 
Prior to the focus groups, participants completed a 
brief demographic survey, then observed a 
presentation on ADAS most common in the US, 
including information from MyCarDoesWhat.org 
(website created by The National Safety Council and 
the University of Iowa). This presentation aimed to 
ensure participants had basic knowledge about 
ADAS and to keep discussion focused on relevant 
ADAS options. The moderator guide included 
questions about ADAS technologies and their 
potential behavioral impacts, and focus groups were 
facilitated by the lead qualitative researcher, assisted 
by the lead engineer, and lasted 90 minutes. 
Saturation was reached by the final group, as no 
significant new topics were raised by study 
participants in answer to the line of questions.  
 
Each focus group was audio-recorded. The recording 
was sent via a secure online website to a transcription 
service (all transcripts were de-identified). Due to the 
novel nature of the research question and the limited 
relevant literature, researchers chose conventional 
content analysis methodology and approached 
analysis through an inductive approach using open 
coding (Hsieh and Shannon 2005).  
 
Using a team-developed codebook to provide 
guidance and consistency, two coders used NVivo 10 
to independently code the transcripts. During early 
stages of coding, the team regularly discussed the 
coding process to address questions and reconcile 
differences in interpretation. Nodes were refined 
based on experience with the data, and the final 
version of the codebook was created. Two coders 
completed coding all three teen transcripts. Coded 
databases were merged and Inter Rater Reliability 
(IRR) testing was completed. After reconciliation, 
final IRR testing showed very high Kappa Scores on 
first teen transcript and moderate agreement on the 
second and third transcripts.  
 
RESULTS 
 
Twenty-four teens participated in the three focus 
groups (mean: 8; range: 5-11). See Table 1 for a 
demographic summary. Using open coding 
methodology, the team created a list of 12 coding 
domains based on focus group content (Table 2). 
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Table 1. Participant Demographics 
Age (yrs) 17.6 

No. of Participants 24 (11 F) 
ADAS Experience 

Heard of ADAS 33% 
Ridden in a car with ADAS 8% 

 
Overall, the research team observed that teens are 
knowledgeable, opinionated consumers. They have 
some concerns about the technology as they perceive 
it may potentially fail. Therefore, they consider 
ADAS a supplemental aid and that the driver should 
retain ultimate control. Respondents repeatedly 
expressed a desire to tailor ADAS to their needs and 
preferences, but also emphasized that they see ADAS 
as a potentially powerful means to keep teens safer 
on the road and reduce death and injury from motor 
vehicle crashes, overall. While multiple themes 
emerged in the analysis, we chose to focus on the 
following three major themes in this paper: 1) ADAS 
Trusted as Supplemental Aid 2) Technology 
preferences -- Tailoring ADAS; and 3) Value of 
ADAS.  
 
Theme 1: ADAS Trusted as Supplemental Aid 
 
Teen participants showed initial skepticism about the 
technology since they have used technology on a 
daily basis and have both a comfort with it and some 
experience of technological malfunction. 
Participants’ assessments of ADAS reliability were 

based on previous experience with technology, such 
as computers and cell phones and their sometimes-
unpredictable operating system upgrades. As such, 
some teens said technology should be considered a 
tool that may have errors and may need continuous 
review and improvement. Given that premise, they 
felt that ADAS currently should be considered an aid 
to drivers and not fully relied upon. Teens repeatedly 
emphasized that until technology is further developed 
and the fleet has fully turned over, the driver should 
remain ultimately responsible for handling the car. 
One teen said, “Just because it's helping us doesn't 
mean it's going to save us …It's not there to drive for 
us.” Teens expressed an underlying discomfort with 
perceived lack of control, despite study leaders’ 
assurance that ADAS was there to assist, not take 
over, and drivers would not be forced to “fight with 
the car.”  
 
Theme 2: Technology preferences – Tailoring 
ADAS 
 
Focus group participants were animated during 
discussions about technological preferences. They 
assumed ADAS might be oversensitive and become a 
distraction, and therefore a system that is modifiable 
might have the most success in their demographic. In 
fact, the idea that a hypersensitive ADAS system 
might create an annoyance was a significant thread in 
the discussion. Many teens believed early-stage  
 

 
Table 2. Coding Domains and Definitions 

Trust – Positive 
Assumption that ADAS can be trusted to function in all conditions and 
make appropriate decisions in adverse situations. ADAS will evolve over 
time. 

Trust - Negative 
Humans are superior to machines; transitional fleet is risky; ADAS will 
not perform properly. 

AST is Supplemental Assistance 
AST should be used as a supplemental assistance not as the main 
mechanism for driving. 

AST Effect on Driving Skill 
Use of ADAS may have an impact on a new driver’s skill development 
and awareness; opinions on new driver’s learning on an ADAS equipped 
vehicle.  

AST Effects on Behavior 
ADAS may be a distraction or allow distracted driving; Drivers may 
become safer drivers. 

Annoyance 
Annoyance related to false alerts; hypersensitivity of technology; 
overstimulation from warning systems. 

Data 
System may be vulnerable to hackers; legal protections of driver records 
and data; data may provide useful feedback. 

Fault in a crash Who bears fault in a crash involving vehicle with AST? 

Insurance Discount/Penalty 
Receiving an insurance discount (or penalty) based on driving behavior or 
owning system. 

Comments related to ADAS options Specific discussion related to any of the ADAS options. 
Customization Ability to customize ADAS options, including an ADAS shut-off. 
Value of ADAS Comments about the inherent value in the technology, such as saving lives. 
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ADAS would be oversensitive, creating stress, 
overstimulation, and distraction for the driver, all of 
which could lead to confusion in interpreting the 
alerts. A teen said, “But my concern is – there are 
several warning systems. So…would there be a 
different beep for each of them?  And if it's like beep, 
then you're, ‘Wait. Which one? Where am I messing 
up?’”  Some teens said they might respond to 
annoyance by ignoring or de-activating the system.  
 
Given these anticipated concerns, many teens felt 
strongly that they would want to control over how the 
system is deployed and concluded that any ADAS 
system must be customizable. Many felt there should 
be an “on and off” option allowing the driver to 
decide whether the system was needed. However, 
some teens countered that there was no point in 
turning the technology off since it was already built it 
in, and it is there to help you while driving.  
 
When asked if they would prefer a system with 
haptic/vibration, visual display, or auditory alerts, 
most teens preferred the idea of vibration plus visual. 
Auditory was the least popular since teens thought 
that with their music playing loudly, alerts could 
either be missed or too intrusive.  
 
When asked to rank their preferences among the 
ADAS options mentioned in the initial presentation, 
the majority of teens chose drowsiness alert, followed 
closely by blind spot monitoring. Many teens talked 
about being tired at night, driving home after 
studying, or early morning drives to school; others 
said that they are most anxious about blind spots. 
Several teens agreed that drowsiness is not something 
they can control, and therefore it is something they’d 
be willing to trust ADAS to manage better than 
themselves. Overall, regardless of the type of 
warning chosen by individual teens, it was clear that 
the majority felt a customization option is crucial to 
customer acceptance. 
 
Theme 3: Value of ADAS 
 
A significant majority of teens recognized the 
inherent value of ADAS and other technological 
advances that will make driving safer for teens and 
others on the roadways. This sense was reflected in 
discussions about the flexibility technology can offer 
in adapting to individual needs; and about how 
technology, particularly advances in automotive 
technology, has benefited society. The participants 
expressed concerns and skepticism about these early 
stages, but overall they felt ADAS was likely worth 
the cost of purchase due to increased safety. One teen 
said, “Even if it costs more…if it saves your life, it's 

pretty worth it. Because any cost is worth saving a 
life.”  Participants looked forward to a time when 
most or all cars on the road have ADAS and can 
contribute to reducing injury and saving lives.  
 
DISCUSSION/CONCLUSIONS 
 
This study utilized focus group methodology to 
understand teen driver perceptions of new driving 
technologies to which they had little prior exposure 
(Krueger 2000). We entered this study with a 
hypothesis that teens, who are so familiar with 
technology, would embrace ADAS and not question 
its potential effectiveness (Gerrard et al 1996). 
Instead, teen participants were knowledgeable and 
opinionated, often skeptical of what they are told 
technology may offer. The majority of teens were in 
agreement that 1) ADAS should serve as a 
supplemental aid; 2) the ability to tailor the 
technology to personal preferences is important; and 
3) ADAS has inherent value in the potential to bring 
greater safety to novice drivers in particular, and to 
all others on the road.  
 
Limitations  
 
Focus groups are effective in eliciting opinions and 
preferences and providing a snapshot of a participant 
group and are not generalizable to the greater 
population. These findings will guide researchers to 
areas for follow-up; themes will be further explored 
in a quantitative national survey.   
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ABSTRACT 

 

Traumatic brain injuries (TBIs) remain a large public health concern, with an estimated 2.8 million people in 

the United States alone sustaining a TBI annually, of whom 56,000 die. Despite the development of finite 

element (FE) models of the head, the implications of skull deflection on the risk of brain injury in blunt trauma 

is not well understood. There is currently a lack of injury metrics which quantify skull deflection; therefore, 

the objective of this study was to replicate experimental head impacts using the head from the Global Human 

Body Models Consortium 50th percentile male occupant model (GHBMC M50-O v4.5), develop a skull 

deflection injury metric, and evaluate the relationship between the skull deflection and tissue -based brain 

strain. 

Three experimental test series were replicated using simulation techniques (Allsop, 1991; Cormier, 2011; 

Yoganandan, 1995). During each simulation, every brain element’s strain tensors were output at 0.1 ms 

intervals. Similarly, the inner skull surface nodal displacements with respect to the head center of gravity were 

output at 0.1 ms intervals. 

The brain elements were then grouped based on proximity to the impact site to define coup and contre -coup 

regions of interest (ROIs). A maximum skull deflection metric was developed for skull deflection 

characterization. Correlations between the skull deflection injury metric and coup ROI elemental strain 

measures were evaluated. Differences in the distribution of coup and contre -coup strain within single impacts 

were evaluated. 

Nine experimental tests were simulated in this study. Input kinetic energy, impactor geometry, bounda ry 

conditions, and impact location from the respective experimental test were replicated in each simulation. Skull 

deflection ranged from 1.24-4.98 mm. 95th percentile coup and contre-coup maximum principal strains ranged 

from 0.02-0.08 and 0.008-0.048, respectively. Coup strain was positively correlated to the skull deformation 

metric. There were statistically significant differences between coup and contre-coup 95th percentile 

maximum principal strain. 

Replicating cadaveric testing of heads allows for more in depth analysis into brain injury metrics that are 

unable to be studied from PMHS alone. Specifically, shape profiles of inner skull deformation were able to be 

characterized and compared to brain tissue response. A positive linear relationship was found between the 

skull deformation metrics and underlying brain strain, which is the likely source for focal brain injury. Thus, 

the skull deformation metric developed in this study will lead to a better understanding of the mechanistic 

relationship between skull deformation and head injury. 
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INTRODUCTION 

Approximately 2.8 million people in the United 

States sustain a traumatic brain injury (TBI) each 

year, 56,000 of whom die [1]. Furthermore, the 

annual economic cost of TBI in the United States is 

estimated to be $60 billion [2]. Motor vehicle crashes 

(MVCs) continue to be the third largest contributor to 

TBI related deaths [1]. Significant research has been 

conducted through the years to decipher the exact 

cause of brain injury including animal, cadaver, and 

finite element (FE) experiments [3-11]. These 

experiments have contributed to many theories 

regarding the mechanism of brain injury, however it 

is generally agreed upon that strain is likely the 

largest contributing factor [12]. Brain strains 

primarily develop as the result of rotation of the head 

at high rates of speed. This is due to the bulk 

modulus of brain tissue being approximately six 

orders of magnitude larger than the shear modulus 

resulting in deformation of tissue being more easily 

produced through deviatoric forces compared to 

dilatation forces [13, 14]. However, it has been 

demonstrated that in nearly every head injury in 

motor vehicles, the occupant sustained head contact 

and not merely kinematic rotation of the head 

through whiplash type effects [15-18]. Thus, blunt 

trauma to the head is a critical mechanism for 

sustaining head trauma and the scalp and skull are 

responsible for transmitting load to the brain. 

Furthermore, it has been shown that localized 

bending of the skull with or without fracture may 

cause localized or “focal” brain injuries such as 

intraparenchymal contusions or hemorrhage in extra-

axial spaces [5]. 

Though it has been shown that the skull is the 

primary transmitter of energy to the brain and that 

contact location may affect injury location, much of 

the work in the field of FE modeling has been 

completed with models that are equipped with rigid 

skulls [14, 19]. These have advanced the body of 

knowledge and, indeed, provide perspective into the 

brain injury risk in various circumstances, but are 

likely missing a critical component of injury risk 

associated with skull deformation and localized strain 

[20]. As a result, the exact relationship between strain 

and skull deformation is unknown. 

The purpose of this study is to elucidate the 

relationships between skull deformation, impactor 

geometry, kinetic energy, and brain strain in coup 

and contre-coup regions of the brain using the head 

from the Global Human Body Models Consortium 

(GHBMC) 50th percentile male occupant v4.5 [21, 

22]. Specifically, this study is conducted in the 

absence of head rotational velocity, which is known 

to be a large contributor to diffuse strain distribution. 

METHODS 

In order to investigate the relationships between skull 

deformation, impactor geometry, kinetic energy, and 

brain strain, a selection of physical cadaveric tests 

from the literature were chosen for FE simulation. 

The tests chosen for simulation encompassed various 

impact locations on the head and included temporo-

parietal, parietal, frontal, occipital and vertex 

impacts. The original tests were conducted for the 

purpose of understanding skull fracture, and included 

boundary conditions that prevented head translational 

or rotational kinematics. These impacts ranged from 

14.06 to 110.94 J in kinetic input energies and used 

multiple impactor geometries including cylindrical, 

rectangular, and spherical impactors [23-25]. A 

summary of the tests can be found in Table 1. 

The head of the GHBMC M50-O v4.5 head model 

was transected from the remainder of the body at the 

occipital condyles. The distal ends of the head flesh 

were tied together using a constrained nodal rigid 

body. Physical test boundary conditions were 

recreated for each. In the Yoganandan impact 

simulations, the same boundary conditions were used 

for each impact regardless of impact location. The 

inferior portion of the skull and jaw were fixed in 

place. In the Cormier frontal impact simulation, and 

in both Allsop impacts, nodes of the skull on the 

contralateral side of head with respect to the impact 

location were held in space. Simulation termination 

times were chosen on a simulation by simulation 

basis such that the impactor was in the rebound phase 

at the end of the simulation. Element erosion to 

simulate fracture in the GHBMC M50 model’s skull 

was turned off [26]. 

During each simulation, the GHBMC brain elements 

were set to export stress and strain data at 10 kHz 

frequency. The relative displacement of each node on 
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the inner surface of the skull with respect to the 

GHBMC head center of gravity (CG) node was 

sampled at 10 kHz as well.  

The following protocol was used to group elements 

into coup and contre-coup regions of interest (ROI). 

First, a vector was computed between the brain CG 

and the impact location on the surface of the head. 

After this vector was established, a vector was 

calculated between each brain element and the brain 

CG. Taking advantage of the mathematical cross-

product, the angle between the element vector and the 

impact location vector was computed. If the resulting 

angle was less than 60°, the element was included in 

the coup ROI. If the angle was greater than 120°, the 

element was included in the contre-coup ROI. These 

computations were performed for each impact target, 

resulting in six sets of coup and contre-coup ROIs 

across all experiments simulated. After sorting each 

element into either the coup ROI, contre-coup ROI, 

or neither, the peak maximum principal strain for 

each element in each ROI was stored in descending 

order. The 95th percentile of the maximum principal 

strain for both the coup and contre-coup ROIs in each 

impact were calculated. 

In addition to the collection of brain element strain, a 

skull deflection metric was created and obtained for 

each simulation. The maximum skull deflection 

metric was developed to capture the furthest intrusion 

of any single node into the cranial space. 

Linear regression analysis was performed between 

the skull deflection metric, input kinetic energy, and 

brain strain metrics. Brain strain metrics included 

95th percentile maximum principal strain measured 

in the coup and contre-coup ROIs. Finally, a 

Wilcoxon signed ranked test was used to compare the 

median coup and contre-coup values of 95th 

percentile maximum principal strain measured in the 

simulations using α level 0.05. 

RESULTS 

Nine experimental tests were simulated in this study. 

Input kinetic energies ranged from 14.06 to 110.94 J. 

Skull deflection ranged from 1.24-4.98 mm. 95th 

percentile coup and contre-coup ROI strain ranged 

from 0.008-0.08 and 0.0057-0.071, respectively.  

Maximum skull deflection and kinetic energy were 

positively correlated with brain strain. The strongest 

correlation to 95th percentile maximum principal 

strain in the coup ROI was associated maximum skull 

deflection (r
2
=0.79, p=0.0013, Figure 1), followed by 

kinetic energy (r
2
=0.63, p=0.0112). Linear 

relationships were observed for contre-coup ROI 

95th percentile strain as well: maximum skull 

deflection (r
2
=0.90, p=0.0001), kinetic energy 

(r
2
=0.81, p=0.0009). 

Table 1. Experimental impact parameters for simulation boundary conditions [23-25]. 

Literature 
Impactor 

Geometry 

Test 

# 

Impact 

Location 

Impactor Velocity 

(m/s) 

Impactor Mass 

(kg) 

Impactor Kinetic 

Energy (J) 

Allsop (1991) 
Rectangular Plate - Parietal 4.3 12 110.94 

Circular Plate - Temporo-Parietal 2.7 10.6 38.64 

Yoganandan (1995) Hemispherical 

7 Vertex 7.2 1.2137 31.46 

8 Occipital 7.1 0.9328 23.51 

9 Vertex 7.6 1.3850 40.00 

10 Frontal 7.3 1.6318 43.48 

11 Vertex 7.8 0.5125 15.59 

12 Vertex 8.0 0.4394 14.06 

Cormier (2011) Circular - Frontal 5.4 3.2 47.00 
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Figure 1. 95th percentile maximum principal 

strain in the coup ROI linearly regressed against 

maximum skull deflection. 

The 95th percentile maximum principal strain in the 

coup and contre-coup ROI for every simulation are 

provided in Figure 2. In every simulation, the 95th 

percentile of maximum principal strain was higher in 

the coup ROI compared to the contre-coup ROI. 

Lower kinetic energy impacts and those impacts 

directed at the occipital bone produced the smallest 

differences in coup and contre-coup strain. 

 
Figure 2. 95th percentile maximum principal 

strain in the coup and contre-coup ROIs for 

matched impacts. 

There was a statistically significant difference 

between coup and contre-coup strain measures as 

assessed by Wilcoxon signed rank test (p-value < 

0.05). On average, the coup ROI experienced 2.35 

times higher 95th percentile maximum principal 

strain compared to contre-coup ROI.  

DISCUSSION 

The skull deformation metric developed in this study 

is pertinent to FE modeling of the head that cannot be 

directly measured through physical experimentation. 

Maximum skull deflection measurements provide a 

means to measure the effects of blunt head impact on 

local skull deformation and the resulting response of 

the brain. The exclusion of bulk head motion in these 

simulations accentuates the brain deformations 

resulting from local skull deformation separately 

from inertial effects.  

The skull deformation metric was highly correlated 

with coup ROI 95th percentile maximum principal 

strain. This provides strong evidence to suggest that 

local skull deformation contributes to focal brain 

injuries. Further investigation into the role of skull 

deflection on brain injury response using the metric 

developed in this study as well as the continued 

development of other metrics is warranted for the 

prediction of underlying brain injury risk. 

The difference between the strain distributions close 

to the impact compared to the distal locations is an 

important finding. It confirms the animal testing and 

pathophysiological findings in the literature that skull 

deformation contributes to brain injury [8, 27-29]. 

When examining the 95th percentile maximum 

principal strain distribution (Figure 2), the coup ROI 

always experienced higher strains than the contre-

coup ROI. On average, the peak strain in the coup 

ROI of the brain reached 0.115±0.07. These values 

approach and sometimes exceed injurious thresholds 

for brain tissue strain [14]. This continues to confirm 

the injurious nature of skull deformation on the brain. 

The ability to predict bony fracture through element 

erosion comes with the limitation that physical 

material is deleted from the model. In the higher 

energy impacts, we have observed element erosion 

that begins before the impactor transitions into the 

rebound phase. In this case, there is less material to 

resist the continued motion of the impactor into the 

cranial cavity. For this reason, the focus of this study 

was on those simulations without element erosion 

active in the model. However, the ability of element 

erosion methods to predict skull fracture should not 

be discounted as skull fracture alone is a moderate to 

severe injury [30].  
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One of the limitations of this study was the inability 

to capture the effects of skull fracture without 

eroding material in the model that would continue to 

absorb energy during an impact in the real-world. 

New technology would need to be developed in order 

to reach a balance between skull fracture detection 

and propagation and energy dissipation, while not 

deleting material from an FE model. Another 

limitation was the single impactor geometry used at 

each impact location. The implementation and 

simulation of each impactor geometry at each impact 

location would further elucidate impactor geometry 

versus impactor energy effects on strain distribution 

and skull deformation.  

In previous literature, the terms coup and contre-coup 

are used to refer to proximal and distal regions of the 

brain with respect to impact location, but are not 

rigorously defined. The development of strict 

groupings of elements into these two ROIs based on 

quantifiable angles bolsters the work found here and 

ensures the results are repeatable. Furthermore, future 

studies using FE head models can use the same 

methodology to define coup and contre-coup ROIs in 

order to obtain consistent results. 

CONCLUSIONS 

This study was conducted using the Global Human 

Body Models Consortium 50th percentile head model 

and simulated physical cadaveric experiments with 

no translational or rotational kinematics of the head 

CG in order to understand the relationship between 

skull deformation and brain response. One skull 

deformation metric was developed and employed to 

investigate its relationship with coup strain 

distribution. Nine experimental cases were 

reconstructed. Strict definitions of coup and contre-

coup were employed. The difference between coup 

and contre-coup strain measures were also tested 

along with the correlations between a developed skull 

deformation metric and brain strain metrics.  

Maximum skull deflection was correlated with 95th 

percentile maximum principal strain in the coup ROI 

of the brain model. There was a significant difference 

between coup and contre-coup 95th percentile strain 

ranging from 1.69-2.86 times higher across the 

simulations. Finally, this study demonstrated that 

strain profiles can be generated in the coup region of 

the brain in the absence of head CG rotational 

kinematics, which further justifies the need to study 

the role of skull deformation in head injury risk. 
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ABSTRACT 
 
Although the electronic stability control devices have reduced the number of dynamic rollover accidents, it 
still occupies non-negligible portion of the traffic accidents with fatality and severe injuries. The principal 
body region of fatal or severe injury in dynamic rollover is cervical spine, while there have been no 
recognized injury criteria of cervical spinal injuries using existing ATDs for such a loading condition. In this 
study, the authors tried to establish the method to evaluate cervical spinal injury of the car passengers in 
dynamic rollover using a human FE model. The human FE model that the authors had developed to be 
capable of predicting whole body kinematics and the injuries on thorax, lumbar spine, and lower extremities 
of car occupant in frontal and side impact was adopted as a baseline model. Since the cervical spine part of 
the model had been constructed by jointed rigid bodies, it could not be used to predict injury level under 
loading. Therefore, the model was modified to be capable of injury prediction. First, each vertebral body of 
the cervical spine was modified to deformable, and the deformable intervertebral disk (IVD) was inserted 
between each pair of vertebral bodies. Second, each isolated vertebra or IVD models were exposed to static 
compression in the same conditions as the experiments from the literature to find the critical stress 
corresponding to the fracture or rupture in the experiments. Next, the kinematics and these critical stress 
values were validated against the whole body inverted drop tests from the literature. Finally, the critical 
stress values were examined to be available in several different angles of impact in two series of head-neck 
drop tests from the literature. In the whole body inverted drop, the kinematics of the cervical spine was well 
replicated by the model and the critical stress values could well divided the impact velocities with or without 
injuries.  In the head-neck drop with different angles of impact, the model could well predict injurious or 
non-injurious conditions of the tests. In addition, existing anthropomorphic test devices (ATDs) were 
examined if their neck structures and corresponding injury criteria could be used for evaluating cervical 
spinal injuries in rollover compared with the human model. It was found that there were large differences 
between the predicted injury by the modified human model and those by ATDs’ output based on the injury 
assessment reference value (IARV). As a result, the human FE occupant model modified to have deformable 
vertebral bodies and IVDs instead of jointed rigid bodies appeared to be capable of predicting cervical spinal 
injury in dynamic rollover. On the other hand, it could be mentioned that further investigation on ATD neck 
structure and/or injury criterion is necessary to establish a physical evaluation method for occupant 
protection in dynamic rollover. 
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INTRODUCTION 

As a countermeasure for occupant protection of 
motor vehicle  rollover accident, many kinds of 
policies, such as improvement in wear rate of seat 
belt, enhancement of roof strength, and adoption of 
inflatable restraints for ejection mitigation by 
FMVSS226, have been introduced until now. 
Furthermore, fatality rate in rollover accident of SUV 
has decreased by widespread equipment of the 
Electrical Stability Control System in recent years. 
However, the rollover accidents forms about 30 
percent of all the fatal accidents of passenger vehicle 
s in the U.S. [1], that means the reduction of 
fatalities in rollover accidents is still one of the big 
issues.  The main causes of death in rollover 
accidents are resulted from ejection. By applying the 
above FMVSS 226, it is expected to have an effect on 
ejection mitigation at the time of a rollover accident. 
On the other hand, when the head is impacted by 
the inside of the roof of a vehicle during a rollover 
accident, injuries tend to occur in the head and/or 
neck. In such a case, the rate of occurrence of failure 
in the head and neck is high. Even those occupants 
wearing seatbelts that did not eject outside the 
vehicle have been injured. Although the 
countermeasures against these injuries are 
expected, criteria and dummies that evaluate the 
measures do not exist. Existing ATDs are the tools to 
evaluate injuries caused by frontal collisions or side 
impacts. However, injury severity levels of cervical 
spine caused by impact input from multiple 
directions like rollover accidents cannot be 
evaluated because there is no criterion. In this study, 
the evaluation method of the injury criteria of the 
cervical spine was examined using the Human FE 
model. 
 
METHODOLOGY 
 
The human FE model that the authors had 
developed to be capable of predicting whole body 
kinematics and the skeletal injuries on thorax, 
lumbar spine, and lower extremities of car occupant 
in frontal and side impact was adopted as a baseline 
model.[3]-[7] Figure 1 shows the overview of the 
baseline model. Since the cervical spine part of that 
model had been constructed by rigid bodies 
connected by spring elements representing 
intervertebral disks (IVDs), it could not be used to 
predict injury level by stress or strain on each 
element under loading. Therefore, the part of the 
model was modified to be capable to to that.  

 
Figure 1 Overview of the Baseline Model 

 
Modification of Cervical Spine Model 
First, each vertebral body model of the cervical spine 
was modified from rigid body to deformable  model 
with shell and solid elements for cortical and 
trabecular bones respectively. And the deformable 
solid elements for IVD was inserted between each 
pair of vertebral bodies. Fig.2 shows the cervical 
spine models of the baseline model (left) and the 
modified model (right). 
 

          
 

Figure 1. the cervical spine models of the baseline 
model (left) and the modified model (right) 

 
From one of the anatomies[8], it was found that the 
cylindrical bodies have extensive cancellous interior 
with a thin shell of compact bone, while pedicles, 
articular and transverse processes are mainly 
compact bone. Based on this knowledge, the 
thickness of the shell elements of anterior and 
posterior surface and upper and lower endplates 
was set thin (0.5mm) and that of other parts 
including pedicles and processes was set thick 
(2.0mm) as shown in Fugure 2. 
 

 
Figure 2. Assignment of Thickness for Vertebral 

body (C6 as an example) 

Rigid Bodies: 
 C1-C7 

IVDs Represented by 
Spring Elements 

Deformable C1-C7 
and IVDs 

Thin Shell 
(0.5mm) 

Thick Shell 
(2.0mm) 
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All the ligaments surrounding the cervical spine were 
modeled by elastic membrane elements like Sato et 
al. [9].  Since, in this study, the focus was whether 
any injury occurs or not, it was thought enough to 
see the stress level over vertebral bodies and IVDs if 
more or less than those of critical levels. Therefore, 
it was decided that either vertebral body or IVD 
could be treated as of simple elastic materials. The 
elastic moduli of the lumbar spine model from 
Dokko et al.[4] were adopted for them. The explicit 
FE solver PAM-CRASH

TM
[10] was used. 

 
Determination of Critical Stress 
Second, each isolated vertebra or IVD model was 
exposed to (quasi) static compression in the same 
conditions as the experiments from Sonoda[11] as 
shown in Figure 3. Sonoda[11] showed maximum 
forces of C3 through C7 for twenty-two Japanese 
PMHSs from twenties to seventies, from which 
averaged maximum forces of twenties through fifties 
were calculated. Sonoda [11] also showed an 
averaged maximum force of IVDs for forties through 
fifties. As Dokko et al. [3] did, these forces were 
scaled to be those for AM50%ile body size by the 
scale factor of 1.1, resulting in 1.21 for cross section, 
considering the body size of old Japanese and 
AM50%ile. Table 1 shows these derived numbers. 
 
 

              
   

Figure 3. Static Compression of Lumbar Vertebral 
body (left) and IVD (right) 

 
Table 1. Averaged Maximum Forces of C3 through 

C7 and IVD from Sonoda [11] and those after 
Scaling 

 
 
Under the same loading condition, the maximum 
stress over the shell elements corresponding to each 
force level was determined as the critical stress. 
Figure 4 shows an example for C4. Because of lack of 

the data for C1 and C2, average of C3 through C7 
was put for them. The derived critical Stresses are 
shown in Table 2.   
 

 
Figure 4 Determination of the Critical Stress 

Corresponding to the Maximum Force (Example of 
C4) 

 
Table 2. Determined Critical Stress for Vertebral 

Bodies 

# Critical Stress [MPa] 

C1 218 

C2 218 

C3 248 

C4 204 

C5 218 

C6 210 

C7 208 

 
Table 3. Determined Critical Stress for IVDs 

# Critical Stress [MPa] 

C2-C3 15 
C3-C4 15 

C4-C5 13 

C5-C6 12 

C6-C7 13 

C7-T1 12 

 
Validation of the Modified Model and Critical 
Stresses 
The kinematics and the critical stress values derived 
above were validated against the whole body 
inverted drop tests from the litereature. Roberts et 
al.[12] performed the series of full body inverted 
drop tests as shown in Figure 5 to see the kinematics 
and injuries around the cervical spine in low (2.0 
m/s) and high impact velocity (4.4 m/s) using five 
male PMHSs of 47 through 71 y.o. with neary 
AM50%ile body sizes.  In addition, the four other 
results from Kerrigan et al.[13] of the similar 
condition but medium velocities were 
supplementaly adopted. Table 4 shows the PMHS 

Averaged Maximum

Force (N)
Scaled x1.21 (N)

C3 3,484 4,216

C4 3,680 4,453

C5 3,646 4,411

C6 3,827 4,631

C7 3,856 4,666

IVD 3,136 3,795

Vertebral 
Body Vertebral 

Body 
IVD 

Fixed Fixed 

Cemented 

Cemented 

Static Force Static Force 

4,453 [N] 

204 [MPa] 
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physical information and test matrix of those two 
series of the tests.  
 

 
 

Figure 5. Full Body PMHS Inverted Drop Test 
 

Table 4. Physical Information and Test Matrix for 
PMHS from Roberts et al. [12] and Kerrigan et al. 

[13] 
Subject 

# 
Age 

(y.o.) 
Height 
(cm) 

Mass 
(kg) 

V1 
(m/s) 

V2 
(m/s) 

V3 
(m/s) 

582 71 178 68 4.4   

534 71 172 93 2.0 4.4  

606 62 180 51 2.0 2.0 4.4 

610 48 172 62 4.4   

693 47 178 64 4.4   

516 89 155 54 3.1   

552 82 170 78 3.0   

631 71 178 69 3.6   

553 60 170 57 3.5   

Note: V1-V3 means the impact velocity in first to third tests 
Upper five subjects are from Roberts et al. [12] and other four 
from Kerrigan et al. [13] 
 

Finally, the critical stress values were examined to be 
available in several different angles of impact in two 
series of head-neck drop tests from Nightingale et al 
[14] and Toomey et al. [15]. In both series, soft 
tissue around cervical spine was removed, T1 was 
fixed into the rigid-like pot, and the mass of carriage 
including a load cell and a pot was set 16kg 
representing the effective body mass under T1. 
Nightingale et al. [14] performed twenty-two 
head/neck drop tests as shown in Figure 6 varying 
the conditions, i.e., rigid or padded impact surface 
with four different anterior/posterior angles. 
Because of lack of detailed information on the pad to 
specify to the model, only ten cases with rigid impact 

surface were picked. Table 5 shows the test matrix 
picked in this study. Impact velocity was around 
3.2m/s. 

 
Figure 6. Test Set-up of Head-neck Drop from 

Nightingale et al. [14] 
 

Table 5. Test Matrix Picked from Nightingale et al. 
[14] Impacting onto Rigid Surface 

Test # PMHS Age 
(y.o.)/Sex 

Θ (deg) Impact 
Velocity (m/s) 

N05-R+30 36/M +30 3.2 

N18-R+15 -/M +15 3.3 

D41-R+15 69/M +15 3.1 

I32-R+15 78/M +15 3.2 

N26-R+0 65/M 0 2.4 

N24-R+0 62/M 0 3.2 

N22-R+0 71/M 0 3.3 

N11-R-15 55/M -15 3.1 

N13-R-15 35/F -15 3.3 

UK3-R-15 62/M -15 3.1 

 
On the otherhand, Toomey et al. [15] performed the 
series of five tests in similar condition to Nightingale 
et al. [14] but with either lateraly angled impact 
surface or laterally tilted neck as shown in Figure 7.  
Table 7 shows the test matrix of them. 

                  
 

Figure 7. Test Set-up of Head-neck Drop from 
Toomey et al. [15] with Two Conditions; Laterally 
Angled Impact Surface (upper right) and Angled 

Neck (lower right) 

Releaser 

Harness 

PMHS 

Padded 
Impact Plate 

Load cell 

+θ 

15deg 

15deg 
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Table 6 Test Matrix from Toomey et al. [15] 

Test 
# 

PMHS 
Age 

[y.o.] 

PMHS 
Height 
[cm] 

PMHS 
Mass 
[kg] 

Impact 
Velocity 

[m/s] 

Condition 
Laterally 
angled 

1 76 178 80 3.0 ‘Surface’ 

2 80 193 91 3.1 ‘Surface’ 

3 77 173 73 3.3 ‘Surface’ 

4 81 183 82 2.9 ‘Neck’ 

5 56 175 80 3.3 ‘Neck’ 

Note: ‘Surface’ means impact onto the angled surface. ‘Neck’ 
means tilted neck. 
 

RESULTS 
 
Either full body inverted or head/neck drop tests 
were replicated by the human FE model, results of 
which were compared with the tests. 
 
Full Body Inverted Drop 
Figure 8 shows the human FE model replicating the 
full body inverted drop tests. As same as the PMHSs 
used in the tests, upper extremities including 
clavicles and scapulae were removed. Initial velocity 
of each case was given to the whole body. From the 
results, first, overall kinematics around cervical spine 
was checked. Figure 9 shows the comparison 
between the high-speed Xray image of the subject 
582 from Roberts et al. [12] and the corresponding 
status from the human model simulation. The 
simulation result shows the characteristic motion of 
the cervical spine, i.e., extension in upper and flexion 
in lower portion, similar to that seen in the test.  
Next, to confirm the kinematics and responses from 
the human model representing those from the tests, 
head and T1 vertical accelerations and head impact 
force onto the impact plate were compared with 
those of the test results. Figure 10 through Figure 12 
show them. For the tests in 2.0m/s or 4.4m/s, it was 
possible to develop the corridors of 1SD by three or 
five data sets for each condition, while, for 3.0m/s or 
3.5m/s, only two data sets for each were not enough 
to do that. Therefore, comparisons were to those 
two data sets as they were for 3.0m/s and 3.5m/s. 
Looking at these comparisons, it was found that, in 
higher velocity, i.e., 3.5m/s and 4.4m/s, the peaks of 
T1 vertical accelerations from the simulation  were 
higher than those of the tests. It may be caused by 
elastic modeling of cervical spine without fracture 
that makes the responsive forces increase linearly 
while fracture makes it drop in PMHSs, resulting in 
such a diffirence in T1 acceleration. In higher 
velocity, it was also found that the second peaks 
from the simulation were greater than those of the 

tests. In the tests, assuming the restraint by three 
point seat belt, the secondary strap was provided to 
prevent the lower body bearing on the neck, while 
the simulation did not consider that. It might cause 
such difference in the second peak of impact forces. 
Considering those limitation, the principal responses 
from the human model simulation look satisfactorily 
representative of those from PMHS tests. 
 
 

 
 

Figure 8. The Human FE Model of Full Body Inverted 
Drop 

 
 

Timing 0  
 

Timing 1  
 

Timing 2  
Figure 9. Comparison of Overall Kinematics around 

Cervical Spine between the test (left) and the Model 
(right) 

 
 
 
 
 

Padded impact 
surface 

Initial Velocity 



 

Dokko                                                                                                                                                                                           

 

 

 

 
Figure 10. Comparisons of Head Vertical 

Acceleration between Human Model and PMHSs in 
Inverted Drop Test 

 

 

 

 

 
Figure 11. Comparisons of T1 Vertical Acceleration 

between Human Model and PMHSs in Inverted 
Drop Test 
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Figure 12. Comparisons of Impact Force between 
Human Model and PMHSs in Inverted Drop Test 

 
 
 
 
 

For injury prediction, Roberts et al. [12] and Kerrigan 
et al. [13] described the injuries diagnosed after the 
tests, which were depicted in Figure 13. There was 
no injury in any tests in 2.0m/s. Maximum von-Mises 
stress from the human model simulation was 
checked if greater than the critical stress determined 
in the previous section for each condition as shown 
in Figure 14. The elements in C1 and C7 in the 
velocity higher than or equal to 3.0m/s showed 
higher von-Mises stresses than the critical stresses. 
Injuries in the tests and predicted from the model 
for each case are listed in Table 7. From them, it 
would be mentioned that the human model used 
with the critical stresses could predict the 
occurrence of fracture in full body inverted drop 
condition.  
 
 

(3.0m/s and 3.5m/s) 

 
 

(4.4m/s) 

 
Fracture 

    Ligament Rupture 
    Dislocation 

Fugure 13. Diagnosed Injuries in the Full Body 
Inverted Drop Tests 
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(Lower Part) 
(2.0m/s)                              (3.0m/s) 

 
(3.5m/s)                              (4.4m/s) 

 
 

(Upper Part) 
(2.0m/s)                               (3.0m/s) 

 
(3.5m/s)                               (4.4m/s) 

 
Circles show the elements of von-Mises stress greater than 
the critical stress. 

Figure 14. Predicted Fractures from the Human 
Model Simulation of Full Body Inverted Drop 

 
Table 7. List of Injuries Diagnosed in the Full Body 

Inverted Drop Tests and those Predicted by the 
Human Model Simulation 

 
 
Head/neck Drop 
Further validation of the model with the critical 
stresses was tried if they were applicable for other 
conditions as shown in Table 5 and Table 6 including 

laterally asymmetric loading conditions.  As same as 
full body inverted drop cases, predicted injuries from 
the simulation of each condition were compared 
with those described in Nightingale et al.[14] and 
Toomey et al.[15]. Figure 15 depicts the von-Mises 
stress contour at the timing of its maximum for each 
condition highlighting the elements with higher von-
Mises stresses than the critical stresses. Injuries in 
the tests and predicted from the model for each case 
are listed in Table 8. The condition with fracture was 
well predicted and the tendency of more fractures at 
left side was represented by the model. 
 

 (Flat)                  (+15deg) 

 

(+30deg)            (-15deg) 

 

(Tilted Surface) (Tilted Neck) 

 
Circles show the elements of von-Mises stress greater than 
the critical stress. 

Figure 15. Predicted Fractures from the Human 
Model Simulation of Head/neck Drop 

Vel. (m/s) PMHS ID Fracture Ligament Dislocation
Predicted

Fracture

534 - - -

606 - - -

606 - - -

516 - - -

552 C7 - -

553 C1 - -

631 C4 - -

534 C3, C7, T1 C7-T1 -

582 C1 - -

606 C6, C7 C6-7, C7-T1 -
610 C7 C3-4, C7-T1 C7-T1
693 - C7-T1 C6-7

3.0

3.5

4.4 C1, C7

C1

C1, C7

-2.0
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Table 8. List of Injuries in the Head/neck Drop Tests 
and those predicted by the Human Model 

Simulation 

 
 
DISCUSSION 
 
The possibility of the prediction of cervical spine 
fracture by the partly modified human FE model 
with the determined critical stresses was 
aforementioned. On the other hand, in the 
development of motor vehicles, it is still necessary to 
evaluate the performance for occupant protection 
by physical, not on computer, test using an ATD. In 
this study, such two existing ATDs as Hybrid III and 
THOR were examined via their FE models if they 
were possible to be used for injury evaluation in 
rollover. The FE models used in this section were as 
follows. 
- Humanetics H3-50th v8.0.1 [16] 
- Humanetics THOR-50th Metric v1.3 [17] 
The explicit FE solver was LS-DYNA® [18]. Both 
models were applied with the same loading 
conditions as the full body inverted drop test in 
previous sections as shown in Figure 16.  From the 
results, upper neck force time histories of 2.0m/s are 
shown in Figure 17. Even in such a low velocity that 
no injury occurred in any PMHS tests as 
aforementioned, an upper neck force of either 
Hybrid III or THOR FE model indicated higher value 
than the IARV for neck compression force. This 
inconsistency should be discussed considering two 
points. First is the structural difference of the 
cervical spine between the human and ATDs. The 
stiff and straight-shaped cervical spine of ATDs 
produces higher axial force in axial loading, while 
less stiff and curved multi-segmented human 
cervical spine should ease the force by its flexibility 
in deformation. Second is no muscle tense in PMHS. 
As is well known, the IARV for neck compression, 

4,000N for AM50 ATD, was based on the 
reconstruction of the injurious accident in tackling 
drill for football by Mertz et al.[19]. It is no doubt a 
football player is in his maximum muscle tense when 
he charges the target, that makes his neck stiffer 
than loose state, resulting in higher loading on 
cervical spine. At present, within the author’s 
knowledge, it is not clear whether tense or loose 
state of the neck is likely to suffer cervical spinal 
injury in the same level of loading.  

Further investigation is necessary in both points 
above to establish a physical evaluation method for 
cervical spinal injury for dynamic rollover, that is, 
structure of ATD and/or injury criterion. 

 

 

(Hybrid III) 

 

(THOR) 

Figure 16. Hybrid III (upper) and THOR (lower) 
Models in Inverted Drop Condition 

Seriese ID Angle (deg) Fracture IVD Ligament Dislocation
Predicted

Fracture

N05-R+30 +30 C3 C3-4
C3-4ALL,

C4-5ALL
- C1,C2

N18-R+15 +15 C1, C2 C2-3 C2-3ALL C6-7

D41-R+15 +15 - - - -

I32-R+15 +15 - C5-6
C5-6

Cap&ALL
-

N26-R+0 0 - - - -

N24-R+0 0 C1, C2 - - -

N22-R+0 0 C1 - - -

N11-R-15 -15 - - - -

N13-R-15 -15 - - - -

UK3-R-15 -15 - - - -

1 15(Surface) - - - -

2 15(Surface) T1 - - T1-T2

3 15(Surface)

L-side: C1,

C4, C5, C6

R-side C5

- - -

4 15(Neck) C4 - C3-C4 -

5 15(Neck)

L-side: C5,

C6

R-side: C6

- - -

C1,C2,C3,C7

,

C1,C3,C6,C7

-

C1, L-

side:C2,C6,C

7

R-side:C2,C3

C1, L-

side:C2,C3,C

4,C6,C7

Nightingale

et al.

Toomey

et al.
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Figure 17. Upper Neck Vertical Forces from ATD 

Models in Inverted Drop (2.0m/s) 

CONCLUSIONS 
 
The human FE occupant model was modified to 
have deformable vertebral bodies and IVDs 
instead of jointed rigid bodies for cervical spine, 
which resulted in capable of predicting cervical 
spinal injury in dynamic rollover condition by 
comparing stress level among cervical spine to the 
determined critical stress. On the other hand, 
large differences were found between the injury 
prediction by the modified human model and ATD 
models in the same loading condition. It has 
become clear that further investigation on ATD 
neck structure and/or injury criterion is necessary 
to establish a physical evaluation method for 
occupant protection in dynamic rollover. 
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ABSTRACT 
 
The Australasian New Car Assessment Program (ANCAP) is an independent, non-regulatory, consumer 
information program which has been operating in the interests of Australian and New Zealand consumers since 
1992.  The change ANCAP has effected in vehicle safety improvements across these markets over the past two 
decades is remarkable.  Cars have never been safer, and as a result, consumer awareness and the expectation of 
vehicle safety is at an all-time high.   
 
The demand for safer vehicles by Australian and New Zealand consumers is also at a record level.  Five star cars 
are available in all vehicle categories; vehicle brands now approach ANCAP to obtain ratings prior to launch in 
order to leverage sales; and ANCAP assessments are viewed as the defacto standard – from the viewpoint of both 
industry and consumers.  This demand for safer vehicles means ANCAP cannot remain idle.  Testing and 
assessments must evolve to encapsulate developments in technology, and communications must be refined to 
reinvigorate enthusiasm and consumer and industry value in a five star safety rating.  Consideration must also be 
given to the current “saturation” of five star cars in the local market – what’s the new identifier for the top 
performers? 
 
Biennial consumer and industry awareness brand tracking studies have been undertaken by ANCAP over the past 
ten years to assist in identifying areas of attitudinal and behavioural change among new and used car buyers and 
motor vehicle dealers as well as to identify opportunities to further strengthen ANCAP’s engagement with the 
broader community.    
 
The 2016 study showed that, following significant gains over consecutive years, brand awareness of ANCAP 
among Australian new car buyers had plateaued at 74 per cent – the same level of awareness seen in 2014.   
 
These findings highlight the importance of ongoing communications across the stakeholder breadth to ensure 
current levels of awareness are sustained, and new cohorts reached.  This being of particular importance when 
considering the new vehicle purchasing environment where “car buyers are in the market for a short time and then 
out of the market for a long time”.   
 
The paper explores the findings of ANCAP’s current brand tracking consumer and industry awareness study and 
the communications strategies through which the value of a five star safety rating can be enhanced, and its 
relevance maintained throughout and between consumer buying cycles.   
 
INTRODUCTION 
 
The Australasian New Car Assessment Program 
(ANCAP) is an independent, non-regulatory, 
consumer information program which has been 
operating in the interests of Australian and New 
Zealand consumers, advocating for safer vehicles 
since 1992.   
 
ANCAP exists to provide consumers with 
independent, clear and concise vehicle safety 
information.  The aim is to reduce death and serious 
injury on our roads by encouraging vehicle brands to 
supply - and consumers to demand and purchase - 
the safest vehicles through testing and promotion of 
independent vehicle safety ratings. 

 
Through this, ANCAP has effected significant 
change across the Australian and New Zealand 
markets over the past two decades.  Cars have never 
been safer, and as a result, consumer awareness and 
the expectation of vehicle safety is at an all-time 
high. 
 
DISCUSSION 
 
Consumer Awareness 
Biennial consumer and industry awareness brand 
tracking studies have been undertaken by ANCAP 
over the past ten years to assist in identifying areas 
of attitudinal and behavioural change among new 
and used car buyers and motor vehicle dealers, as 
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well as to identify opportunities to further strengthen 
ANCAP’s engagement with the broader community.    
 
The 2016 study [1] showed that while brand 
awareness of ANCAP was high among Australian 
new car buyers, it had plateaued at 74 per cent 
despite significant gains over consecutive years – 
the same level of awareness seen in the 2014 study.  
It also revealed a slight decline in net awareness 
among New Zealand new car buyers – decreasing to 
50 per cent in 2016 from 54 per cent in 2014.   
 
Figure 1 shows the change in consumer awareness 
of the ANCAP brand (both name and logo) across 
Australian and New Zealand new car buyers from 
1996 to 2016. 
 

 
 
Figure 1.  Consumer awareness of ANCAP 
amongst new car buyers in Australia & New 
Zealand. 
 
These findings highlight the importance of ongoing 
communications across ANCAP’s stakeholder 
breadth to ensure current levels of awareness are 
sustained, and new cohorts – those currently 
unaware of ANCAP – are reached.  This objective is 
of particular importance when considering the new 
vehicle purchasing environment where “car buyers 
are in the market for a short time and then out of the 
market for a long time”.   
 
Market Penetration 
ANCAP has been extremely successful in raising 
awareness of the importance of safer vehicles among 
Australasian consumers and through that, its brand.  
As a consequence, demand for safer vehicles is at a 
record level – nine in ten new car buyers believe 
ANCAP safety ratings should be displayed on all 
new cars at the point of sale [1].   
 
The Australasian market is now in a fortunate 
position where, through encouragement from 
ANCAP, this demand is being satisfied and realised.  
Today, vehicle brands – in the main – are offering 
safer vehicle choices across all vehicle categories 
and price points and consumers are taking 
advantage.  
 

Figure 2 shows ANCAP market coverage, by sales 
of new cars in Australia in 2016 [2].   
 

 
TOTAL SALES (2016) 
= 1,145,000 vehicles 

 
Figure 2.  Australian vehicle sales by ANCAP 
safety rating (2016). 
 
Of the 1,145,000 new vehicles sold in Australia in 
2016, 87 per cent held the maximum ANCAP safety 
rating of five stars and only one per cent of vehicles 
sold were rated 3 stars or less [3].  The ratings spread 
is similar across New Zealand with 85 per cent of 
new vehicles sold in 2016 holding a five star 
ANCAP safety rating. 
 
Market Saturation 
As shown above, ANCAP safety ratings are 
available for 92 per cent of the Australasian new car 
market by sales, with 87 per cent holding a rating of 
five stars [3]. 
 
Given recent trends, continuing with the status quo 
would see market saturation of five star cars and a 
likely dilution in the relevance of five star ratings to 
both consumers and industry and a possible negative 
effect on vehicle and road safety. 
 
This demand for, and availability of top rated 
vehicles, means that ANCAP cannot and should not 
remain idle.  Testing and assessments must adapt to 
encapsulate developments in vehicle safety 
technology, and communications refined to 
reinvigorate enthusiasm and consumer and industry 
value in a five star safety rating.   
 
This is being achieved through the broadening of 
ANCAP’s test regime by the adoption of a common 
protocol with Euro NCAP from 2018.  This will 
likely see a shift in the current ratings mix however 
top performers will be rewarded – an opportunity on 
which vehicle brands and dealers can capitalise. 
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Key Survey Insights 
With a global stance to retain the zero to five star 
rating scale by New Car Assessment Program 
(NCAPs) worldwide, ANCAP introduced 
‘datestamping’ of its safety ratings in mid-2014 to 
assist in the communication of increasing rating 
criteria - to differentiate and acknowledge top 
performers which meet higher safety standards.   
 
The 2016 consumer and industry study provided 
ANCAP with a first look into consumer acceptance 
and awareness of the datestamped ratings.  The 
survey showed that 57 per cent of new car buyers 
were aware of the datestamp, yet only 28 per cent 
understood its meaning. 
 
As shown in Figure 3 below, the survey also 
revealed that the majority (44 per cent) of consumers 
were obtaining ANCAP safety rating information 
from new car dealerships as opposed to other 
communications channels like television (21 per 
cent), magazines (16 per cent), websites (15 per 
cent) and social media (9 per cent), yet to date, 
ANCAP has had little direct engagement with 
dealerships. 
 

 
 
Figure 3.  ANCAP rating visibility. 
 
Approximately one third of new car buyers surveyed 
stated they had received safety information from 
vehicle brands or dealers prior to purchase and this 
information played a role in the purchasing decision 
of 88 per cent of recipients.  Forty one per cent said 
the dealer made safety comparisons to similar cars 
from competing brands.  This shows safety is being 
used as a key selling point with safety ratings a 
competitive point of difference.  As frontline 
representatives, dealers are clear advocates for 
safety and ANCAP safety ratings, and engagement 
with dealers is critical.   
 
Isolating key vehicle attributes, in 2016 safety again 
proved to be a key factor in the vehicle purchasing 
process.  While price remained an important 
consideration for just over one in two (53 per cent) 
new car buyers, seven in ten (70 per cent) considered 

vehicle safety an important consideration.  Twenty 
per cent of all respondents ranked safety as the most 
important consideration above all others.   
 
COMMUNICATING THE VALUE AND 
MAINTAINING RELEVANCE 
 
Findings of the latest study identified a number of 
key areas of opportunity for ANCAP to 
communicate the value and maintain relevance of its 
ratings to improve consumer awareness beyond the 
current level of 74 per cent.   
 
Acting upon these findings ANCAP has actively 
implemented a number of communications 
strategies including: 

• Enhancement of the ANCAP brand and 
associated brand marks. 

• Establishment of a revised brand narrative. 
• Direct engagement with vehicle brands and 

dealers. 
• Leveraging of partnerships. 
• Increased engagement with corporate 

fleets. 
 
Brand Enhancement 
Enhancement of the ANCAP brand has been 
achieved not only through a subtle revision of the 
ANCAP corporate and rating logos [4] - to improve 
logo recognition, rating understanding and present a 
refined position on ANCAP’s current purpose and 
scope - this enhancement also covers a re-
positioning of the ANCAP brand as an entity.  The 
timing of this is well placed as ANCAP reaches 
another milestone in its maturity with the 
broadening of its test regime through the adoption of 
a common protocol with Euro NCAP from 2018. 
 
Figure 4 shows the ANCAP safety rating logo in its 
existing form where the datestamp element is 
portrayed through a ‘rubber stamp’ design. 
 

 
Figure 4.  Existing ANCAP safety rating logo. 
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Figure 5.  Revised ANCAP safety rating logo. 
 
The revised ANCAP safety rating logo shown in 
Figure 5 above carries through ANCAP’s revised 
corporate logo and presents the star rating and 
datestamp elements with increased prominence and 
authority. 
 
Brand Narrative 
In conjunction with the enhanced brand approach is 
the establishment of a revised brand narrative.  It 
moves away from previous flat messaging and 
incorporates a more inclusive, conversational tone.  
The tag line, “What’s your ANCAP?” carries many 
benefits.  It poses a question to consumers to get 
them thinking about the safety rating of their current 
or prospective car; it generates conversation 
between those in the market and those who aren’t / 
between consumers and dealers; it encourages active 
consideration and sourcing of ANCAP safety 
information; and it allows carriage of the ANCAP 
message by member organisations and stakeholders 
in isolation of ANCAP branding – broadening 
message reach through extended and third-party 
channels. 
 
Engagement with Vehicle Brands & Dealers  
ANCAP has built strong relationships with vehicle 
brands over the years with regular communication 
through local market head office representatives.  
These strong relationships are being leveraged by 
engaging in a three-way conversation between 
ANCAP, the brand head office and the dealership.  
Key to ANCAP’s engagement with dealers is 
making ANCAP safety ratings part of the sales 
conversation.  This provides dealers with an 
independent ‘hook’ to engage their customer and 
encourage their consideration of safety – pitched in 
comparison to their competitors – which offers a 
potential sales advantage.  ANCAP is assisting 
dealers through the provision of dual- or tri-branded 
materials; the use of ANCAP crash-tested vehicles 
relevant to the brand(s) they sell for showroom 
display; and providing greater access to ANCAP 
information and marketing materials through an 
online content portal.  
 
Leveraging of Partnerships 
Maintaining ongoing engagement with consumers is 
a challenge for ANCAP given its limited budget and 
in-house resources.  ANCAP’s membership base 

and its relationships with other NCAPs, 
governments, vehicle brands and corporate fleets is 
therefore invaluable as it provides a wide network of 
advocates to enable ANCAP to extend its reach.  In 
parallel to ANCAP’s direct conversation with 
consumers, ANCAP is improving engagement with 
each of its partners so they can act as conduits of the 
ANCAP message.  This is being achieved through 
increased interaction, identifying joint engagement 
opportunities and improving the range and access to 
safer vehicles promotional assets which can be 
customised to carry the brand of the respective 
partner. 
 
Increased Engagement with Corporate Fleets 
A group which has significant influence on the 
penetration of new and safer vehicles into the 
Australasian market is corporate fleets (commercial 
buyers, governments and rental car companies) – as 
they are responsible for the purchase of 
approximately half of all new light vehicles each 
year [3].  ANCAP has been engaging with fleet 
purchasers for many years and has built strong 
relationships.  As a result, five star purchasing 
policies are now held by a wide range of fleets and 
some also extend to grey fleet vehicles – employees 
using private vehicles for business travel.  As the 
ANCAP rating program evolves, increased 
engagement with fleets is necessary.  The purpose 
and importance of the rating datestamp is being 
highlighted and, to further raise the bar and ensure 
safety currency, ANCAP is encouraging corporate 
fleets to consider implementing an additional 
purchasing consideration – to buy five star vehicles 
rated to the most current rating criteria using a 
rolling two or three year datestamp. 
 
Figure 6 indicates the purchasing range, based on the 
ANCAP rating datestamp, corporate fleets should 
consider when selecting a new vehicle. 
 

 

Figure 6.  Fleet purchasing range based on 
ANCAP rating datestamp. 
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CONCLUSION 
 
Consumer awareness of ANCAP is high, however 
awareness has plateaued across two consecutive 
survey periods and presents the need to reinvigorate 
the value and relevance of vehicle safety ratings.  
When considering the new vehicle purchasing 
environment where car buyers are in the market for 
a relatively short time during the research and 
purchasing phase, and are then out of the market for 
a significantly longer period, communications 
strategies must be enhanced so the conversation 
continues throughout the cycle.  A variety of 
advocates must also be leveraged to broaden the 
reach of the safer vehicles message.   
 
With increasing standards through a broadening test 
regime, a top ANCAP safety rating of five stars 
becomes even more valuable.  This presents an 
opportunity for vehicle brands and their dealer 
representatives to leverage sales, and stakeholders to 
take advantage of a more delineated mix of ratings.  
This approach will return benefits for all, and most 
importantly, for road safety. 
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ABSTRACT 

 
 Models, procedures, validation tests of vehicle and crash tests generally aim exclusively to assess ADAS 

(Advanced Driver Assistance Systems) devices performances in terms of  their correct behavior or reaction of the 

driver, but do not refer to the new scenario (residual impact). An analytical procedure aimed to analyze 

experimental and numerical tests for the evaluation of vehicle – driver – ADAS system performances, in terms of 

road safety, is proposed. If there is a collision, the procedure considers typical impact severity and configuration 

related to the new scenario consequent to the activation of an ADAS system and/or driver operation. 
 

 The procedure proposed does not require the use of a software for accidents reconstruction, but it is based on 

two parameters: the Crash Momentum Index (CMI), which expresses impact configuration and impact severity, and 

the relative speed combined into a single diagram CMI–Vr. The CMI–Vr diagram allows to compare different 

vehicles and accidents occurred at different impact configurations, considering only kinematic parameters, without 

considering variables related to the vehicle’s occupants (gender, age, position occupied in the passenger 

compartment, etc.).  
 

 In a given accident, a vehicle is characterized by a CMI and a relative speed values, therefore the vehicle is 

indicated by a point of coordinates (CMI; Vr). The corresponding point position, on the CMI–Vr plane, identifies 

both the potential severity and the potential injury. To find the two points coordinates, it is necessary to identify the 

relative impact speed and CMI in the two impacts, potential and residual. On that plane, the iGLAD data analysis 

carried out (in a previous analysis) shows two different areas to which two different accident classes correspond: the 

former is the area regarding kinematic impact conditions of intrinsically safe accidents, for which the maximum 

injury level results to be MAIS 1 and the latter area is the one in which all injury levels can be found, from the 

lighter one up to the fatal one. 
 

  The procedure is illustrated by taking as an example an AEB system in different accident situations between 

two vehicles. On the CMI–Vr plane both the ADAS activation and the corrective maneuver of the driver can be 

verified. In particular, it is interesting to verify how and how much the point related to residual impact (post 

activation ADAS system) moves towards the intrinsically safe area, or towards lower injury risk. The proposed 

procedure can be used as a post processing of experimental tests or numerical simulations, for example aiming at: 

analysing the effectiveness of an ADAS system, comparing different systems, optimizing the ADAS logic or, 

moreover, comparing different experimental test conditions. 



 

Vangi, 2  

 

INTRODUCTION 

 

 European Commission announced, in the "White 

Paper" on European transport policy, a program of 

actions aimed to improve the vehicles safety, both in 

terms of passive and active safety, by the introduction 

of new technologies for driver assistance [1]. Today a 

large number of driver assistance systems is available 

for almost all vehicles. Automated driving will 

contribute to a new quality of mobility.  
 

 These technologies, in continuous progress, aim 

to ensure a better prevention of the risks faced by the 

occupants and are becoming established and evolving 

towards autonomous driving. The path to high and 

full automation is, however, not only one of 

technology, but it will also require amendments to 

both national and international legislation. Six levels 

have been defined from 0 to 5 for national and 

international use to classify the degree of automation 

of the individual systems (SAE Level [2]). This 

technical classification describes which tasks the 

system carries out, and which tasks/requirements the 

driver has to fulfill. At Level 0 there are no 

automated driving functions and there are no systems 

that intervene: this level can be defined as 

"conventional driving". If the implementation of 

advanced assistance technologies is carried out, the 

driver can be assisted, or even substituted as in Level 

5 where the vehicle can completely independently 

perform the task of driving in full on all types of 

roads, in all speed ranges and in all environmental 

conditions. In intermediate level the responsibility of 

operation remain to the driver. The environment 

provides the stimuli (input) both to the driver and to 

the ADAS system, thus it's important to know the 

interaction between environment, driver and ADAS. 

These interactions can be evaluated by different 

approaches, as reported in [3–5]. In case of detected 

danger, the ADAS can alert the driver through stimuli 

(tactile, audible or visual), after which, if the reaction 

time to these exceeds established limits, the system 

may activate autonomously and act on the controls 

[6,7]. For this reason it is important to establish the 

requirements and test methods for the drivers alert 

mode [8,9], and the quality of information provided 

to the driver [10–14]. 
 

 Generally, the correction of vehicles dynamics is 

related both to the driver and ADAS intervention, and 

as a result of these actions, the initial impact scenario 

changes. In case of rear–end collisions, in which only 

a braking action intervenes, previous researches have  

shown that the AEB (Autonomous Emergency 

Braking) carries benefits in terms of degree of injury 

decrease [15–20]. 

However, when the ADAS system makes a corrective 

maneuver, or the driver intervenes, a change in the 

impact configuration happens and the reduction of 

injury may not be directly proportional to the speed 

decrease. Usually models, procedures, validation tests 

of vehicle and crash tests do not refer to the new 

scenario of residual impact. The standards 

procedures, as the tests conducted by organizations 

such as EuroNCAP [21], or by NHTSA (National 

Highway Traffic Safety Administration) [22], 

generally aim to evaluate only the ADAS 

instrumental performance with standardized test 

procedures or virtual simulations in several impact 

configurations.   
 

 The purpose of this paper is to present a 

procedure for analyzing the performance of ADAS 

systems, which takes into account, in case of residual 

impact, also the new scenario and the new impact 

severity generated after the activation of that system 

or after a possible corrective measures put in place by 

the driver. Inputs for the definition of the new 

scenario derive from the instrumental functioning of 

the considered ADAS, which can be derived also 

from the EuroNCAP test and from hypothetical 

maneuver by the driver, which can be derived from 

an opportune driver model. The procedure proposed 

does not require the use of a software for accidents 

reconstruction, but it is based on two parameters: the 

Crash Momentum Index (CMI), which expresses 

impact configuration and impact severity, and the 

relative speed combined into a single diagram CMI–

Vr. The procedure is illustrated by taking as an 

example an AEB system in different accident 

situations between two vehicles. On the CMI–Vr 

plane both the ADAS activation and the corrective 

maneuver of the driver can be verified. 
 

 

 

MATERIAL AND METHOD 

 

 Crash Momentum Index (CMI) assessment - 

The CMI, as shown in [23], expresses the "potential” 

impact severity and can be formulated "a priori" in 

function of parameters that define the impact 

configuration and the inertial characteristics of the 

vehicles, as follows: 

 

     
           

           
          (Equation 1) 

where   and    are the factors of mass reduction [23, 

24],    is the coefficient of restitution, and    is the 

masses ratio of the vehicles involved in the crash. 

The value of  the coefficient of restitution depends on 

the relative speed of impact in a normal direction n, 

    and can, with a good approximation, be deduced 
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from experimental correlations [25]. While    and    

are connected exclusively to the vehicles’ typology 

(mass and stiffness), provides information about 

the crash configuration, being expressed as a function 

of the distance (h) between the vehicle’s centre of 

mass and the straight line of pulse action. For this 

reason it is necessary to know the direction of the 

principal direction of force (PDOF). To determine the 

PDOF, the results reported in [26] can be referred to, 

assuming an impact plane t or tangential direction 

and a normal direction n. The impact plane is 

generally assumed as the plane containing the 

deformed profile of the vehicle [27–29], as shown in 

figure 1, or described in [30]. 

 

 

Figure 1. Diagram of the vehicles planar impact: 

normal, n, and tangential, t, direction [30]. 

 

Referring to these directions, the following 

definitions can be given: 

 

  the speed ratio   , expressed as the ratio between 

the relative deformation speed    , along the 

tangential direction, and the relative slipping speed, 

along the normal direction,     [26]: 
 

                             (Equation 2) 
 

 the coefficient of friction  , expressed as the 

ratio between the component of impulse, tangential 

and normal, during the impact: 

    

                                  (Equation 3) 

 

                             (Equation 4) 

 

 Figure 2 shows an empirical relationship 

between   and    [26] from which, once known the 

relative speed of impact between the two vehicles, 

and calculated the ratio between its tangential and 

normal components, μ can obtained and then, using 

equation 4, the desired value of PDOF. 

 

Figure 2. Equivalent coefficient of friction at 

impact surface [26]. 

 Here, the expressions derived for accidents with 

related    comprised in a range between 0 and 2.50 

(equation 5) and for those with    comprised in a 

range between 2.50 and 6 (equation 6) are reported. 
 

                                   (Equation 5) 
 

                                 (Equation 6) 
 

  The scatter of experimental data results showed 

uncertainties on the PDOF in the range of ± 15°. 

Other analysis of literature [31] confirm that the 

PDOF, for each vehicle, can vary by ± 20° in relation 

to the subjective assessment of the impact plane. 

Using these as typical uncertainties, in [31] a degree 

of uncertainty in V of about 15–17% for front to 

side impacts is found. This reduces to around 9–12% 

for front to front or front to rear impacts. The largest 

individual contribution is that due to uncertainty in 

PDOF. 

 
 CMI can also be expressed "a posteriori" [23], 

on the basis of the kinematic parameters obtained by 

reconstructing the accident (usually available in 

accident databases), such as the speed variation 

undergone by the vehicle for relative speed units: 

 

     
  

       
                              (Equation 7) 

 

where Vr-pdof is the component of relative impact 

speed along the PDOF (Principal Direction of Force) 

during the impact, which coincides with the direction 

of Delta V (V) [27]. According to this last 

definition, CMI takes the meaning of "potential 

severity" of an impact; in fact, to higher values of this 

parameter correspond higher values of V for 

relative speed units. In potential impact the relative 

speed between the two vehicles depends exclusively 

from testing or simulation conditions used.  
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 CMI can be calculated with equation (7), if 

numerical simulations of the impact phase are 

available, for both the residual and potential impact. 

Numerical simulation can be carried on using FEM 

models (i.e. LS Dyna [32], etc.), which provide 

accurate results but require the specific vehicle 

models and a long simulation time. Alternatively for 

the impact simulation, impulsive models (PC Crash 

[33], Pro impact [34], etc.) can be used, which allow 

to obtain solution with a detail level lower than the 

FEM, but they need a very low simulation time. 

 
 
 

  CMI–Vr plane application - The V is the 

parameter most closely related to the injury risk IR 

[35–37]. Figure 3 shows that each V value can be 

associate to different value of IR [36], and the injury 

risk can be evaluate in different impact condition 

(frontal–near side/far side impact with compartment 

involved/not involved and rear–end). 
 

 

Figure 3. Injury risk function for car occupants: 

Seriously injured + [36]. 

 

 Considering a specific value of V, in the CMI–

Vr plane, the iso injury risk function [36] can be 

represented as iso–V curves by equilateral 

hyperbolas with centre in the origin (0;0). Thus, 

considering the CMI, an high level of detail in terms 

of impact configuration can be obtained through the 

factor of mass reduction  which allows to consider 

the impact eccentricity. So, in the CMI–Vr plane a 

different classification of impact is possible in respect 

to principal impact configurations considered in [38], 

because the CMI varies in a wide range. In this plane, 

each vehicle is characterized by a point of 

coordinates (CMI; Vr) [38].  
 

 A previous analysis conducted in [38] showed 

that in the area below the iso–V=20 km/h curve 

only low injury degrees are present, and therefore it 

may be considered an intrinsically "safe area". Figure 

4 shows that over this curve the injuries are 

characterized by the whole range of values of MAIS 

[39], up to MAIS 6.  

 

 Figure 4.  CMI–Vr plane: MAIS under changing 

iso–V curves [ RIF 38].   

 Given an impact suffered by the vehicle, the 

position of the corresponding point in the CMI–Vr 

plane therefore identifies both the potential severity 

and the potential injury. Considering identical 

vehicles (    ), figure 5 shows the points 

regarding the same impact configuration (front–side, 

with compartment involved), with different impact 

relative speed. As shown in figure 5, the IR is greater 

for the vehicle that undergoes the side impact than 

the vehicle which impacts on the front. 

 

 

Figure 5. CMI–Vr plane: IR change in case of a 

frontal-side impact for the  vehicles. 

 

  The position of the vehicles toward the low 

injury potential area, and thus the decrease of IR, can 

be obtained both by decreasing the relative speed Vr 

and by changing the impact configuration. The CMI 

variation, deriving from the relative speed, is due 

exclusively to the change of coefficient of restitution, 

which decreases with the increase of relative speed.  
  

 Instead, a different impact configuration due a 

drivers or ADAS intervention to such as to move the 

initial point toward areas characterized by high 

severity will be less effective in terms of IR 

reduction, if the impact configuration switch from 

frontal to side impact. 
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  Procedure - The proposed procedure is based on 

the use of CMI–Vr plane that allow to verify, 

following the ADAS activation or the driver 

intervention, how the point corresponding to the 

potential impact moves, respect to the point regarding 

the residual impact. This procedure can be used as a 

post processing of experimental tests or numerical 

simulations, for example aiming at: analyzing the 

effectiveness of an ADAS system, comparing 

different systems, optimizing the ADAS logic or, 

moreover, comparing different experimental test 

conditions. In particular, it is interesting to verify 

how and in what way the point moves towards the 

intrinsically safe area, or towards lower IR. To find 

the coordinates of the two points, it is necessary to 

identify the relative impact speed and CMI in the two 

impacts, potential and residual. 

 

 

RESULTS AND DISCUSSION 
 
 

 Real accidents analysis have shown that the 

scenario ʽCollision with another vehicle that is 

turning into or crossing a road at an intersection’ is 

the most frequent, with a percentage of 58% of the 

total accidents between two vehicles collected in the 

iGLAD database [40]. By using the software Pro-

impact 6.0 [34] for this scenario and considering the 

all the time equal vehicles, were analyzed different 

impact configurations. CMI have been calculated 

with equation (2). The analysis carried out assuming 

no driver intervention. 
 

 For example, for tests on AEB City version, the 

EuroNCAP standards require speed between 10 and 

50 km/h for the bullet vehicle while the target vehicle 

is standing. In case of rear-end impact the AEB 

system benefits are reported in [41,42]. This study is 

conducted referring to orthogonal impact 

configuration, in which the ADAS activation can to 

get a benefits. Previous analysis [42] showed that in 

case two vehicles collide in an orthogonal 

configuration, where the vehicle A is stopped and the 

vehicle B is moving with velocities in increase (20–

40 km/h), the low speed of impact allow to collocate 

the two vehicles in low injury potential area. 

  Considering, instead, the vehicles A and B are 

initially moving at a speed of 35 km/h on orthogonal 

directions in conflict with each other. For this 

scenario were analyzed two different impact 

configurations, α and β, shown in table 1 (Appendix), 

comparable to situation resulting from the possible 

activation of a system AEB for the vehicle B. If the 

AEB system or the driver do not intervene, the 

vehicles will collide in the α configuration.   

  One second before (time to collision=1 s) the 

AEB system of vehicle B applies a deceleration of 8 

m/s
2
 and the vehicle arrives to impact in 

configuration . Table 1 (Appendix) shows the 

results obtained assuming, for each vehicle, different 

impact speed and in figure 6 are shown the results of 

the analysis on the CMI–Vr plane. For both vehicles, 

the activation of the ADAS system determines a shift 

of the point towards lower potential severity areas. 

Vehicle B switches the impact configuration from 

eccentric frontal impact to frontal impact, with IR 

decreasing from 6% to 2%, whereas vehicle A 

switches from eccentric frontal impact to side impact 

(compartment involved), with an IR increase from 

6% to 7.5%. Thus, in this case the ADAS activation 

of the vehicle B resulted in only modest benefits for 

vehicle B and a worsening for vehicle A. 

 

Figure 6.  CMI–Vr plane: results of simulation. 

  In addition to this, the use of this plane allow also 

to lead an analysis aiming to optimize the ADAS 

operation, since it can be verify and identify the best 

maneuver strategy aiming to reduce in an effective 

way the injury risk, which is not guaranteed 'tout 

court' by applying the maximum braking action 

allowed be tires. In fact the injury risk reduction 

depends not only on the decrease of the relative speed 

between the vehicles, but also on the new impact 

configuration that is outlining. It is illustrated how 

braking modulation can lead to impact configuration 

potentially less severe, configuration to be found for 

an optimal performance of the ADAS. 
 

  Considering a different pair of vehicles that 

collide in four different impact configuration, but 

with the same Rm (    ) showed in table 2 

(Appendix), is possible to observe the different 

situation following the activation of AEB system for 

the vehicle B, as a function of slowdown intensity, 

gradually increasing, for the vehicle B. Figure 7 

shows the results on the CMI–Vr plane. 
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Figure 7. CMI–Vr plane: vehicle position 

consequently by the intervention of optimized 

AEB system: vehicle A (blue) and vehicle B (red). 

 

 Let us consider the case number 1, in which the 

two vehicles collide without any slowing of vehicle 

B: this impact condition, as a result of an eccentric 

frontal impact for both vehicles, is characterized by 

an IR equal to 4.8% for the vehicle A and equal to 

6.8% for the vehicle B. 
 

 Following a deceleration of vehicle B, in the case 

number 2, the two vehicles collide with the same 

impact speed in configuration γ, rather than α,with a 

potential residual impact less severe for vehicle B. 

For the latter the reduction of relative speed is such 

that its IR decreases by 2%. Conversely, for the 

vehicle A, since it passes from a frontal impact to 

side impact without compartment involved, it is 

observed an increase of the IR equal to about 4.2%, 

so that the impact is potentially more severe. 
 

  Assuming a greater intensity of deceleration, in 

the case number 3, the initial configuration α 

modifies to β, with a potential residual impact less 

severe also in this case for the vehicle B, because the 

reduction of the relative speed is such that the IR 

decreases by 2.3%. For the vehicle A, instead, the 

impact results significantly more severe, because it 

suffers a side impact with compartment involved and 

the IR increases of 4.2%. 
 

 Let us consider a slowdown of even greater 

intensity in the case number 4, where the impact 

configuration switches from α to δ and for which the 

speed reduction is such that the residual impact is 

potentially less severe both for vehicle B, for which 

the IR decreases by 4.7%, and for vehicle A, for 

which the reduction is equal to 0.8%. 

 If the collision is inevitable, the analysis of the 

evolution of the kinematic situation in real time 

between the two vehicles, will allow to select the best 

strategy of intervention to reduce the possible injury. 

CONCLUSIONS 
 

  This study presented an analysis of ADAS 

performance based on the CMI–Vr plane, in case of 

impact vehicles-to vehicles. This plane represent a 

useful tool that allow to evaluate the relationship 

between kinematic parameters, as Vr between two 

vehicles and the V undergone by the vehicles. Each 

vehicle is characterized, on that plane, by a point of 

coordinates (CMI; Vr), where the abscissa represents 

the potential severity of the impact and the ordinate 

represents Vr. To define a point on the plane means 

to define the potential severity and the potential 

injury of the impact. Previous analysis have been 

found, on that plane, two different areas to which two 

different accident classes correspond: the former is 

the area regarding kinematic impact conditions of 

intrinsically safe accidents, for which the maximum 

injury level results to be MAIS 1 and the latter area is 

the one in which all injury levels can be found, from 

the lighter one up to the fatal one.  
 

  The action of an ADAS system or a corrective 

maneuver of the driver entails a change of impact 

configuration and relative speed, if the collision 

cannot be avoided. By comparison between the new 

scenario and the initial scenario is possible to 

evaluate the effectiveness of the performance of this 

device, ADAS, in term of injury risk reduction. This 

plane summarizes in a single tool all information 

necessary for an analysis of experimental tests or 

numerical simulations about the ADAS. In addition 

to this, that plane allows also to lead an analysis 

aiming to optimize the ADAS operation, since it can 

verify and identify the best maneuver strategy aiming 

to reduce in an effective way the injury risk, which is 

not guaranteed 'tout court' by applying the maximum 

braking action allowed by tires – pavement adherence 

condition. Knowing two characteristics parameters of 

the accidents can be verified, on the CMI - Vr plane, 

where the point corresponding to the two vehicles are 

located and how is the distance of the latter to area 

low injury potential. In fact, the injury risk and its 

reduction depends both the decrease of relative speed 

at the crash and the new impact configuration.  
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APPENDIX 

Table 1.  Results of Pro impact 6.0 simulation, for front-to-side impact.  

 
 

Table 2. Vehicles' positions resulting to an intervention of an optimized AEB system. 
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ABSTRACT 
The development of automated vehicles is ongoing at a breakneck pace. The human factors challenges of designing 
safe automation systems are critical as the first several generations of automated vehicles are expected to be semi-
autonomous, requiring frequent transfers of control between the driver and vehicle. A driving simulator study was 
performed with 20 participants to study transfers of control in highly automated vehicles. We observed driver 
performance and measured comfort as an indicator of the development of trust in the system. One study drive used a 
more capable automation system that was able to respond to most events by slowing or changing lanes on its own. 
The other study drive used a less capable automation system that issued takeover requests (TORs) in all cases. Thus 
there was a change in reliability over the course of the study drives; some participants experienced the more-capable 
system first followed by the less-capable system, and others had the opposite experience. We observed three types of 
comfort profiles over the course of the drives. Some drivers started out very comfortable, while others took a long 
time to become comfortable. Takeovers were split into physical takeover, visual attention, and vehicle stabilization. 
Response time and performance measures showed that there was a 15- to 25-second period between the physical 
takeover and a return to normal driving performance. This confirms some observations in previous studies on 
transfer of control. 
 
 
INTRODUCTION 
 
Automated vehicles are under active development by 
many auto manufacturers, tier 1 suppliers, and 
technology companies. The projected benefits of 
automated vehicles are many and varied, but so are 
the concerns over their technical limitations, legal 
barriers, and human factors challenges. The National 
Highway Traffic Safety Administration (NHTSA) 
started actively investigating automated vehicles in 
2012 and has released their first policy document [1]. 
 
Transfer of control is a complex topic given the 
number of possible scenarios. An analysis of 
takeover types by Lu, et. al. [3] resulted in a unified 
framework that can be used to think about 
automation handoffs. A transfer of control (or 
takeover, transition, handoff) can result in the driver 
being in control (DC) or the automation being in 
control (AC). Moreover, they can be driver initiated 
(DI) or automation initiated (AI). This results in the 
four possible categories of transfers: DIDC, DIAC, 
AIDC, and AIAC. The underlying reason for the 
takeover can be classified as optional or mandatory. 
An optional transfer could be skipped with no 
adverse consequences, whereas missing a mandatory 
transfer would result in a safety critical event or 
crash. 
 

This study was primarily concerned with automation 
level 3, termed conditional automation by SAE [2], 
in which the vehicle takes both longitudinal and 
lateral control. Whereas level 2 automation requires 
the operator to supervise the automation and scan the 
roadway for hazards, level 3 allows the operator to 
engage in other tasks, provided they can become 
available to take over again should the system request 
it. Both level 2 and level 3 raise concerns about how 
quickly the driver can take back control should they 
need to. Drivers can quickly become out of the loop 
and then have to regain situational awareness (SA) to 
effectively drive again. Because of this, our main 
interest was in studying mandatory AIDC transfers. 
 
Bainbridge pointed out that humans are challenged 
when performing under time pressure and that when 
automation takes over the easy tasks from an 
operator, difficult tasks may become even more 
difficult [4]. Stanton and Marsden highlighted several 
potential problems that could plague automated 
vehicles, specifically when drivers must reclaim 
control from automation. These include over-
reliance, misuse, confusion, reliability problems, 
skills maintenance, error-inducing designs, and 
shortfalls in expected benefits [5], [6]. The lack of 
situational awareness that occurs when a driver has 
dropped out of the control loop has been studied for 
some time in several different contexts [7]–[9]. 
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More recently, it has been shown that drivers had 
significantly longer reaction times in responding to a 
critical event when they were in automation and 
required to intercede, compared to when they were 
driving manually [10]. More recent data suggest that 
drivers may take around 15 seconds to regain control 
from a high level of automation and up to 40 seconds 
to completely stabilize the vehicle control [11]. 
 
Takeover requests are issued by the automation to let 
the operator know that they should take back manual 
control of the dynamic driving task (DDT). The 
appropriate timing of such TORs has been a topic 
research recently. Takeover request timings of five 
and seven seconds ahead of encountering an obstacle 
in the road were tested in a driving simulator [12]. 
While it was possible for drivers to take over in only 
a couple of seconds in both conditions, there were 
more braking responses and less time to check their 
blind spots in the five-second timing condition. Some 
of the extra time in the seven-second condition was 
used for decision-making and was valuable for 
avoiding sudden braking responses. 
 
A NHTSA-funded test track study used both 
imminent and staged TORs, where the imminent 
TOR was issued once with an external threat and 
once without [13]. The staged alert had four phases 
as follows: 1) a tone followed by an informational 
message, 2) a verbal alert with a cautionary message, 
3) a repeated tone in addition to an orange visual 
alert, and 4) a repeated imminent tone with a red 
alert. The visual components were text messages with 
associated colors to indicate urgency. The four 
messages were the following: 
 

1. Prepare for manual control 
2. Please turn off autodrive 
3. Turn off autodrive now (orange) 
4. Turn off autodrive now (red) 

 
The average response time to an imminent alert was 
2.3 seconds without an external threat and 2.1 
seconds with one. The average response time to the 
staged alert was 17 seconds, which may have been 
partly due to a countdown that accompanied the 
informational warning. 
 
A driver’s trust in automation greatly influences 
whether that automation is used appropriately, 
misused, or disused. Trust should be calibrated 
appropriately so that a driver does not over- or under-
trust an automated system [14]. Lee and See 
proposed a closed-loop conceptual model of a 
dynamic process that governs trust, recognizing that 

trust might be considered as a function over time that 
can rise and fall.  
 
Trust and comfort are correlated constructs that are 
both important for human-robot interaction [15], 
[16]. Indeed, it is hard to imagine the development of 
trust without some degree of comfort being present. 
Sanders et al. identified four factors of trust: 
performance, reliance, individual differences, and 
collaboration. Another breakdown of trust included 
the following factors: predictability, dependability, 
faith, and overall trust [17], [18].  
 
A word on simulator fidelity is warranted. A series of 
driving simulator studies on adaptive cruise control 
done in the 1990s with and without motion showed 
similar results, and the authors concluded that motion 
may therefore not be necessary [19]. However, most 
recent driving simulation studies in vehicle 
automation have used higher-fidelity systems with 
motion bases. The ‘feel’ of the car from a simulator’s 
motion cues is critical to a driver who may be 
completely visually disengaged from the driving task, 
as is the case in higher automation levels. 
 
Objectives 
This project was focused on transfers from 
conditional automation to manual control. The study 
events were mandatory takeovers that could be 
thought of as expected (approaching highway exit on 
route) and unexpected (approaching a slow-moving 
vehicle). The study was conducted using the NADS-1 
high fidelity motion-base driving simulator, located 
at the University of Iowa. 
 
The study was designed to address the following 
research questions: 
 

1. To what degree do drivers trust the 
automation? 

2. Does less-capable automation decrease trust, 
and how does reliability influence trust in 
automation? 

3. When do drivers choose to begin an 
expected transfer of control, and how long 
does it take? 

4. After manual takeovers, how long does it 
take for the driver to return control to the 
automation? 

5. How long does an unexpected transfer of 
control take, including vehicle stabilization? 

6. Does the act of taking manual control have 
any associated performance decrements? 

 
It was expected that there would be decrements to the 
quality of the transfer due to the need to regain SA 
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while at the same time assuming vehicle control. 
Moreover, it was also expected that automation 
failures, resulting in TORs, would damage the 
driver’s trust in the system and that the effects of that 
reduced trust might be observed in subsequent 
driving and takeover choices. 
 
We did not consider failures in the sense that the 
vehicle failed to issue a takeover request (TOR), 
which is a particularly concerning failure mode in its 
own right. Thus while the vehicle failed to navigate 
some study events, it always successfully issued 
TORs. 
 
The term reliability was used in this research to 
indicate a change in the way the automation worked 
on similar events. In the more capable condition, the 
automation was able to navigate most study events by 
changing lanes. However, in the less capable 
condition it always issued a TOR. The automation 
capability condition was manipulated within-subjects 
across two drives, and the order of the drives was 
counterbalanced across drivers, resulting in a change 
in reliability for all drivers. 
 
METHODOLOGY 
 
A 2 (drive) x 2 (age) x 2 (gender) mixed design was 
used for this study. The within-subject independent 
variable was the automation reliability. The between-
subject independent variables were gender (male, 
female) and age (18 - 25, 25 - 55). The age variable 
was blocked by using the minimization method to 
balance out the number of participants in each group. 
A total of 20 participants provided written informed 
consent and participated in the study.  
 
Apparatus 
The National Advanced Driving Simulator (NADS) 
is located at the University of Iowa. The NADS-1 
simulator consists of a 24-foot dome in which an 
entire car cab is mounted. All participants drove the 
same vehicle—a 1996 Malibu sedan. The motion 
system, on which the dome sits, provides 400 square 
meters of horizontal and longitudinal travel and ±330 
degrees of rotation. The driver feels acceleration, 
braking, and steering cues much as if he or she were 
actually driving a real vehicle. High-frequency road 
vibrations up to 40 Hz are reproduced from vibration 
actuators placed in each wheel well of the cab. A 
picture of the NADS-1 simulator and an image from 
the interior of the dome are shown in Figure 1. 
 
The NADS-1 displays graphics by using 16 high-
definition projectors that provide 360-degrees of 
horizontal, and 40-degrees of vertical, field of view. 

The NADS produces a thorough record of vehicle 
state (e.g., lane position) and driver inputs (e.g., 
steering wheel position), sampled at 240 Hz. 
 

 
Figure 1.  NADS-1 driving simulator (left) with 
a driving scene in the dome (right). 
 
The cab is equipped with a Face Lab™ 5.0 eye-
tracking system that is mounted on the dash in front 
of the driver’s seat above the steering wheel. In the 
best-case scenario, where the head is motionless and 
both eyes are visible, a fixated gaze may be measured 
with an error of about 2º. With the worst-case head 
pose, accuracy is estimated to be about 5º. The eye 
tracker samples at a rate of 60 Hz. 
 
Driving Scenarios 
Participants completed a seven-minute practice drive 
followed by two thirty-minute study drives 
containing the same set of events (see Table 1). The 
study drives involved typical vehicle control in a 
variety of situations. Once the driver achieved 
highway speed, he or she was instructed to engage 
the automation by pressing a button on the steering 
wheel. 
 

Table 1.  Scenario events in the more and less 
capable drives (A and B) with varying takeover 

request (TOR) timing. 

Event 
More 

Capable 
(A) 

Less 
Capable  

(B) 
#1 Work zone No TOR 10 sec. TOR 
#2 Missing lane 
lines 

No TOR 10 sec. TOR 

#3 Sharp curve No TOR 10 sec. TOR 
#4 Slow lead 
vehicle 

10 sec. TOR 5 sec. TOR 

#5 Exit highway 30 sec. TOR 30 sec. TOR 
 
The practice drive scenario served to adapt 
participants to driving in the simulator, as well as 
expose them to automation control transfers and 
TORs. All five events existed in both study drives, 
but in different orders and with different automation 
capabilities. Moreover, the locations of the events as 
well as the starting and ending locations of the drives 
were also varied to minimize predictability. Towards 
the end of each drive, an expected takeover request 
took place before a scheduled exit off the highway. 
The five main events are summarized in Table 1. 
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Occasionally, a lead vehicle would slow from the 
speed limit to 55 mph for a short time, forcing the 
automation to slow the participant’s vehicle as well. 
Then the lead vehicle sped back up to the speed limit. 
These brief disturbances drew the operator’s attention 
and provided experiences in which the automation 
behaved as desired with no loss of capability. It was 
expected that these instances would help to build 
trust in the system. 
 
Driver Vehicle Interface 
Automated driving was indicated by a visual icon on 
a high heads-up display. Takeover requests were 
composed of both visual and audio cues. Visual cues 
appeared on the same display. When the driver 
needed to transfer control, a chime sound played with 
the appearance of a visual sign saying to either turn 
on or off the automation. Depending on each event 
and scenario, a TOR took place either 5, 10, or 30 
seconds prior to the event. If the driver did not 
transfer control from automated to manual in some 
set interval after the TOR fired, the automation 
system slowed the vehicle down and pulled over to 
the side of the highway. This fallback strategy is 
characteristic of SAE Level 4 automation, though 
participants were not trained on it ahead of time, and 
it was never encountered in the study. All four 
possible display icons are shown in Figure 2. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.  Automation interface in high heads-
up display location: (a) automated-mode icon in 
blue, (b) informational warning in white, (c) 
cautionary alert in yellow, (d) imminent alert in 
red. 
 
Non-Driving Task 
Participants were asked to work on trivia questions 
from the website Trivia Plaza (www.triviaplaza.com) 

as an alternative primary task while the vehicle was 
under automated control during both drives. Trivia 
Plaza is a website that offers numerous sets of 
questions in nine major categories (see Figure 3). 
Within each category, there are many subcategories 
(e.g., subcategories of “Movie” include various time 
periods, genres, production companies, etc.). The 
intent was to provide a task that all participants could 
be equally engaged with, by finding topics of greatest 
interest to them. 
 
An iPad was given to each participant for the 
duration of the drives to allow access to the website. 
In order to encourage participants to be actively 
involved in trivia, they were told to pick any topic(s) 
that they were interested in and that any participant 
who reached a cumulative score of 100 or higher 
would receive a bonus compensation of $15. 
Participants could play multiple times to reach the 
given score. In reality, all subjects received the $15 
bonus. 
 

 

Figure 3.  Example screen from Trivia Plaza 
(www.triviaplaza.com). 
 
Driver Comfort 
The amount of comfort an operator had in the 
automation during their drives was probed at semi-
regular intervals using an online survey that appeared 
on a display located in front of the cab’s center 
console. The single question asked the operator to 
rate his or her level of comfort at that moment on a 
scale of 1 (Very Comfortable) to 7 (Very 
Uncomfortable). The wording of comfort was 
selected as an overall approximation of the more 
complex concept of trust and was thought to estimate 
the participants’ nascent level of trust in a system that 
was new to them. 
 
Two such comfort probe surveys were administered 
in the practice drive. There were eight additional 
surveys in each main drive, for a total of 18 comfort 
measurements. They were spaced in between events, 
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and nothing related to any event was happening at the 
time the surveys were administered. Sometimes the 
survey occurred after one of the four main events, but 
sometimes it occurred after the ‘filler’ event during 
which a lead vehicle slowed momentarily. 
 
Dependent Measures 
Data was collected from three main sources. 
Simulator data files contained many variables, 
including driver inputs and vehicle signals. Eye 
tracker data was recorded to log files from the 
FaceLab system. Lastly, post-drive surveys were 
administered to collect additional data on comfort 
and attitudes towards automated vehicles, and a 
comfort probe survey was given at semi-regular 
intervals in the cab during the study drives. The 
simulator and eye tracker data were processed using a 
data reduction script in Matlab to obtain several 
dependent measures used in the analysis. 
 
Two types of measures were calculated. The first set 
was calculated once per event and is listed in Table 2. 
These measures included response times, eye gaze, 
and information about the use of automation (see 
Table 2). The percent road center (PRC) gaze [20] 
measured the percentage of time that the driver’s 
gaze was directed at the front scene, computed in a 
running 17-second window [21]. 
 

Table 2. Dependent measures, calculated once 
per event. 

Measure Description 

PctAuto Percentage of event time 
spent in automated mode 

TakeOverRT Response time to take over 
from automation after 
warning 

GiveBackRT Response time to give back 
control to automation after 
cue 

MeanPrc17Auto Average PRC gaze while in 
automated mode 

MedPrc17Auto Median PRC gaze while in 
automated mode 

MeanPrc17Manual Average PRC gaze while in 
manual mode 

MedPrc17Manual Median PRC gaze while in 
manual mode 

DurationManual The time that was spent in 
manual mode 

Manual Did the driver take back 
control from the automation? 

 
A second type of dependent measure was recorded at 
regular intervals either after the beginning of manual 

driving mode, or after the end of manual driving 
mode in the event. A fixed interval spacing of five 
seconds was used, and up to 12 segments, or one 
minute, were computed. These measures created a 
type of longitudinal, or time sequence, data that could 
be analyzed for trends. The approach was adapted 
from the methodology used by Merat el al. [11]. The 
longitudinal dependent measures are summarized in 
Table 3. 
 

Table 3. Longitudinal dependent measures, 
calculated in five second segments. 

Measure Description 

MinSpeed The minimum speed in each manual 
segment (mph) 

MeanSpeed The average speed in each manual 
segment (mph) 

SR The steering reversal rate in each 
manual segment, calculated in a 15-
second running window (rev/sec) 

SDLP Average value of standard deviation 
of lane position in each manual 
segment, calculated in a 15-second 
running window (ft) 

HFSteer High-frequency steering content in 
each manual segment 

PRC Percent road center gaze in each 
manual segment, calculated in a 17-
second running window (%) 

PRCpost Percent road center gaze in each 
segment after return to automated 
mode, calculated in a 17-second 
running window (%) 

 
The steering reversals and high-frequency steering 
(HFSteer) measures were also adapted from the 
methodology in [11]. Steering reversals count the 
number of one-degree reversals in a time period. The 
steering reversal rate per second was then calculated 
by dividing by the number of seconds in the segment. 
The HFSteer measure is based on a high-frequency 
control of steering computation that is defined as the 
ratio between the power of a high-frequency band of 
steering activity to the power of a lower-frequency 
band [22], [23]. 
 
RESULTS 
 
Results on Operator Trust 
     How much did operators trust the automation?  
The R statistical software language [24] was used to 
analyze the simulator and eye tracker measures. Box 
Cox transformations were applied to the dependent 
measure, where appropriate, to optimize the 
normality of the residual error. Normality was tested 
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by observing the Q-Q plot of the residuals as well as 
by running a Shapiro-Wilk test to see if the null 
hypothesis of normality should be rejected. 
Additionally, a cluster analysis was used to identify 
three distinct profiles of longitudinal comfort that 
were observed among the participants.  
 
The log of the in-cab comfort score was used as the 
main trust measure. All 18 measurements in a drive 
constituted a longitudinal comfort profile that 
evolved in ways unique to each individual. Each 
participant’s longitudinal comfort profile is plotted 
individually in Figure 4. The scenario is coded both 
by color and by marker shape. No significant effect 
of age, gender, or order of the drives was found on 
the development of comfort, tested using growth 
curve models with linear piecewise time segments. 
 

 
Figure 4.  Longitudinal comfort (log of 18 
comfort responses) for all participants across 
three study drives. Drive A used more capable 
automation, while drive B used less capable. 
 
A hierarchical clustering analysis was conducted 
using the random intercept and two random slopes 
from the growth curve model. Three clusters were 
selected from the analysis and participants were 
assigned to one of the three. Figure 5 shows the 
longitudinal comfort profiles once again, this time 
with 95% confidence intervals from the random 
effects overlaid on each plot. Additionally, the cluster 
for each participant is color-coded in the figure. 
 
The three clusters may be easily described on 
inspection of Figure 5. The participants in cluster one 
gradually increased in comfort (the log of the 
response is inversely proportional to comfort) over 
the course of the practice drive and two main drives. 
Participants in cluster two started with about the level 
of comfort that they maintained throughout their 
three drives. Finally, participants in cluster three 
started with less comfort, but became more 

comfortable over a fixed amount of time and then 
leveled off for the remainder of the drives. Participant 
13 may be an outlier if the first large comfort 
response was an aberration. Participant 4 was unusual 
in that the responses indicated a loss of comfort near 
the end of the first drive (identified as Drive B, or the 
less-capable automation system, from Figure 4). 
 

 
Figure 5.  Three comfort profile clusters. 
Ribbon overlays show 95% confidence interval 
of the random effects model fit. 
 
     How did participants rate their trust 
retrospectively? For the retrospective trust survey 
data, the restricted range and ordinal scale of the data 
associated with Likert-type survey responses required 
that care be taken in that analysis. Although there is 
significant debate over the acceptability of various 
analysis approaches and whether these data can be 
considered as interval scale and analyzed with 
ANOVA, Sullivan and Artino [25] present an 
argument that ANOVA is an appropriate technique. 
Accordingly, the SAS general linear model (GLM) 
procedure was used to conduct an ANOVA on the 
post-drive survey data. Scenario (more or less 
capable (A or B)) and order (first or second drive (1 
or 2)) were treated as within-subjects factors for each 
of four questions where participants provided 
comfort responses. 
 
The first question asked participants to indicate how 
comfortable they felt when transferring into 
automated mode. Overall, participants felt quite 
comfortable, and there were no significant effects or 
interactions involving either scenario or order (p > 
0.05). The second question asked participants how 
comfortable they felt when resuming manual control 
back from the automation. The main effect of order 
was marginally significant (p = 0.09), suggesting that 
drivers tended to be less comfortable in their first 
drive relative to their second drive. This is to be 
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expected as drivers grew more familiar with the 
automation and transferring control.  
 
The third question asked drivers how comfortable 
they felt when the automation failed and they had to 
regain control. Neither the main effect of order nor 
scenario reached significance, nor did the order by 
scenario interaction (p > 0.05). The final Likert scale 
question asked participants how comfortable they felt 
when driving in automated mode. Again, the main 
effects of order and scenario and the order by 
scenario interaction did not reach significance (p > 
0.05).  
 
These results generally suggest that the capability of 
the automation (scenario) and the order in which 
drivers experienced the different conditions had a 
limited effect on drivers’ retrospective perceptions of 
comfort in interacting with the automation. 
 
Results on Simulator Measures 
     How long to transfers of control take? Transfers 
of control from automated to manual operation have 
several phases that should be considered individually, 
though some are more difficult to study than others. 
Situational awareness, for example, is a difficult 
concept to define, much less measure, and we do not 
attempt it here, though visual attention is likely a 
good minimum bound on the time required to regain 
it. Four phases of takeover from automation are 
presented in Table 4. Note that order is not implied in 
the table, as SA could be fully regained before the 
physical takeover is initiated. 
 
Table 4. Phases of takeover from automated to 

manual mode 
Takeover Phase Dependent Measure 

Physically taking control 
by pressing the transfer 
button or the brake pedal 

Takeover response time 
from cautionary TOR 

Physically stabilizing 
control of the vehicle 
after taking control 

Longitudinal dependent 
measures for steering 
and lane keeping 

Visually attending to the 
dynamic driving task 

Longitudinal dependent 
measure for PRC gaze 
during manual mode 

Regaining full 
situational awareness 

None 

 
The physical takeover phase may be characterized by 
the drivers’ response times in returning to manual 
mode after being given a TOR. Events 1 through 4 
used cautionary TORs. The average response time 
was 4.13 seconds with a standard deviation of 1.04 
seconds (see Figure 6a). The exit event, event 5, first 

issued an information TOR, followed by a cautionary 
TOR and an imminent TOR, each lasting for 10 
seconds.  
 
Observe in Figure 6b that the distribution of response 
times for event 5 is tri-modal. Some people 
responded after the first stage TOR and some after 
the third one. One person responded after 30 seconds. 
The first group had a mean time of 7.60 seconds with 
standard deviation of 1.28 seconds. The middle, 
largest, group had a mean response time of 22.37 
seconds with standard deviation of 0.85 seconds. The 
participant in the third group responded at 31.57 
seconds. Three-way ANOVAs were run on takeover 
response time for each event using order, gender, and 
age. No significant effects of these conditions were 
found. 
 

 
(a) 

 
(b) 

Figure 6. Distribution of response time to take 
back manual control after a TOR for (a) events 
1 through 4, and (b) event 5. 
 
The third phase of manual takeovers considers the 
time required for the driver to become fully visually 
engaged in the dynamic driving task. We used the 
percent road center (PRC) gaze measure recorded 
using the eye tracker to indicate visual attention. 
Percent road center has been used not only as a 
measure of visual distraction, but also to detect 
cognitive distraction. Simply put, PRC has a normal 
range, and values that are too low or too high indicate 
a lack of proper attention. 
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After manual takeovers, PRC gaze increased as 
drivers returned their gaze to the road until achieving 
normal gaze patterns once more. The PRC gaze was 
calculated on a 17-second running window, which 
has been used for the detection of distraction [21]. 
The increasing piece of the PRC gaze trend, up until 
it peaked, was fit to a linear model, and linear 
interpolation (or extrapolation, as appropriate) was 
used to estimate the time at which the PRC would 
reach 0.7. The distribution of these times is shown in 
Figure 7. In actuality, the PRC never reached 0.7 in 
some events for some participants. Such cases caused 
the increasing trend to have a very shallow slope, 
resulting in very large estimates for the 0.7 intercept 
time. Nevertheless, the estimate is useful as a way to 
compare events and participants against one another. 
 

 
Figure 7.  Distribution of times projected for 
PRC to reach 0.7 after transfer to manual mode 
 
Transfers of control from manual to automated mode 
are simpler in that stabilization and situational 
awareness are not factors after the transfer. Rather, 
analyzing transfers to automated mode may tell us 
about the degree of trust the operator has in the 
automation. After each event, an audio/visual cue 
was given to the driver that they could once again 
transfer control to the automation. The response time 
was measured from the time this cue was issued. The 
distribution of response times for the driver to hand 
back control to the automation is shown in Figure 8. 
After removing the times larger than 20 seconds as 
outliers, the mean response time was calculated to be 
5.31 seconds with standard deviation of 3.15 seconds. 
 

 

Figure 8.  Distribution of response time to give 
back control to the automation after a reminder 
cue in events 1 through 4. 
 
After control was returned to the automation, the 
PRC gaze dropped until the driver engaged once 
more with the trivia task. The PRC gaze trend was fit 
to a linear model, and the time was estimated at 
which the PRC would reach 0.1. A distribution of 
these times is shown in Figure 9.  
 

 

Figure 9.  Distribution of times for PRC to 
reach 0.1 after transfer to automated model. 
 
     Were there performance decrements after 
manual takeovers? The second phase of manual 
takeover includes the time required to stabilize 
physical control of the vehicle. The high-frequency 
control of steering, captured in the HFSteer measure, 
is thought to be sensitive to distraction. A larger 
amount of variance was observed in the HFSteer 
measure in the first six time segments, while less 
variance was observed in the last six time segments. 
This is shown in Figure 10. 
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Figure 10. Standard error of HFSteer measure 
across all participants and all events for each 
time segment after a manual takeover 
 
CONCLUSIONS 
 
Twenty participants took part in an automated driving 
study using the NADS-1 motion base driving 
simulator. The automation was described generally as 
SAE Level 3 (conditional automation), however it 
was implemented as SAE Level 4 with a fallback 
mode to mitigate the risk that an automated vehicle 
would actually collide with a lead vehicle or drive 
through a work zone. Those negative outcomes did 
not happen, and the fallback mode was not needed in 
any of the events. 
 
Comfort was measured using an online probe survey 
that was administered twice during the practice drive 
and eight times during each main drive. Also, a post-
drive survey was administered after each main drive; 
it asked the participants to retrospectively consider 
their comfort with the automation. We surmised that 
asking about comfort would be an effective way to 
capture the nascent trust of an operator just becoming 
familiar with an automation system. Future work 
could delve deeper into multiple facets of trust, 
including predictability/performance, 
dependability/reliance, faith, and collaboration. 
 
A cluster analysis revealed three distinct longitudinal 
comfort profiles from the probe surveys. One cluster 
started with a high level of comfort and stayed that 
way. Another started with a lower level of comfort, 
but it gradually increased after a few surveys and 
then stayed level. A third cluster started with low 
comfort and gradually increased over the course of 
the practice and two main drives. Apart from single 
instances of reduced comfort, only participant 4 
showed a temporary trend of decreasing comfort. We 
could not associate the clustering with age, gender, or 
order. It may be that it is associated with some latent 
variable such as sensation seeking or a personality 

trait. The longitudinal comfort profiles support the 
notion that trust can be modeled as a function of time, 
especially in the sense that instantaneous levels of 
trust depend on their previously measured levels [31]. 
 
The physical response times to TORs and automation 
reminders were both under 10 seconds (4.13 sec +- 
1.04 sec and 5.31 sec +- 3.15 sec, respectively). 
Visual attention to the driving task was measured 
using the percent road center gaze, calculated over a 
17-second running window. There were many 
instances in which it took a driver more than 20 
seconds to return to normal forward gaze after a 
transfer. 
 
Consideration of the response times for physical 
takeovers, stabilization, and visual attention leads to 
concern for the driver’s safety after taking control. 
Drivers are capable of physically taking over control 
in less than five seconds. However, PRC gaze 
showed that it could take 20 seconds or more to 
return their full attention to the roadway. 
Additionally, the variation in high-frequency steering 
offers evidence that drivers do not return to their 
normal driving control for up to 30 seconds. These 
results imply there could be a 15- to 25-second gap 
during which the driver may be vulnerable to missing 
a response to a safety-critical event at an inopportune 
moment. 
 
The main limitations of this study were that it used a 
fairly small sample size (20 participants), and that it 
was not able to fully explore the different dimensions 
of trust. Future research should address both of those 
limitations. Additionally, the inclusion of safety-
critical events and latent hazards, would allow a 
better judgement of whether the driver has regained 
SA and whether the takeover times observed have an 
adverse effect on safety. We modeled our driver-
vehicle interface (DVI) largely on previous research. 
However, there is still much that could be done to test 
different modalities and timing for DVI design. 
Finally, we conjecture that the best DVI would be 
one that is capable of monitoring the driver and 
adapting elements of the DVI, transfers of control, 
and other aspects of the automation to the perceived 
state of the operator. 
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ABSTRACT 

Federal Motor Vehicle Safety Standard (FMVSS) No. 226, “Ejection mitigation,” set requirements for ejection 
mitigation systems to reduce the likelihood of complete and partial ejections of vehicle occupants through side 
windows during rollovers or side impact events. At the time of the final rule, the agency was not in a position to 
extend coverage to roof glazing because of the need to research a viable performance test procedure. This paper 
presents the results of initial assessments of the test as a viable performance test procedure and of the performance 
of current production roof glazings in preventing occupant ejections. 
 
The assessment of ejection protection offered by laminated glazing roof panels in production vehicles was made 
primarily using a guided impactor (18 kg) directed toward pre-broken roof glazing from inside the vehicle. 
Test procedures followed those developed in the FMVSS No. 226 regulation. Test speeds were 
16 and 20 km/h (10 and 12.5 mph). Three vehicles with laminated glass sunroofs were selected: a 2008 Ford Flex 
and a 2013 Ford CMAX, both equipped with a panoramic laminated glass roof that is fixed to the vehicle structure, 
and a 2013 Subaru Forester with a moveable laminated glass inbuilt sunroof. 
 
When tested at the 16 km/h impact speed, the displacements for both vehicles with fixed glass roof structures were 
within the 100 mm criterion specified for side windows in FMVSS No. 226, although the results from the Ford Flex 
were at or just slightly below the criterion. As expected, higher values were seen at the 20 km/h speed. The Ford 
CMAX displacements were slightly below the criterion, while the Ford Flex exceeded the criterion for all tests 
conducted at the higher speed. There was no incidence of bonding material failure at the glass/roof structure 
interface, and no damage was seen to the roof sheet metal in either vehicle. All tests on the Subaru Forester were 
conducted with the sunroof in the fully closed position, and all displacement values exceeded 100 mm at both test 
speeds. 
 
The number of vehicle designs tested was limited by the availability of laminated glazing used in 
production sunroof designs. Extensive vehicle preparation was required to ready them for testing with the impactor 
used for side window ejection evaluations.
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INTRODUCTION 

The purpose of Federal Motor Vehicle Safety 
Standard (FMVSS) No. 226 “Ejection Mitigation” 
was to establish requirements for ejection mitigation 
systems to reduce the likelihood of complete and 
partial ejections of vehicle occupants through side 
windows during rollovers or side impacts.  

In the January 2011 final rule (76 FR 3212, January 
19, 2011), the National Highway Traffic Safety 
Administration (NHTSA) said it was interested in 
learning more about roof ejections and would like to 
explore this area further. NHTSA also stated in the 
final rule that mitigating roof ejection was 
determined to be potentially cost effective, but the 
agency was not in a position to extend coverage to 
roof glazing in the final rule due to the lack of a 
proven performance test procedure for roof glazing. 

Vehicle and Buck Description  

Three vehicles were selected that contained roofs 
with laminated glass composition. The 2009 Ford 
Flex (shown in Figure 1) has a panoramic laminated 
glass roof that is fixed to the vehicle structure. The 
movable sunroof above the front row seats is made 
from tempered glass and was not tested. The 
headliner divides the laminated glass into three 
distinct daylight openings (as defined in FMVSS No. 
226): two symmetrical openings above the 2nd row 
seating position and a larger opening above the 3rd 
row seating position, as seen in Figure 2. 

The 2013 Ford CMAX shown in Figure 3 also has a 
fixed panoramic glass roof. The exterior dimensions 
of the glass are 1.5 m in length by 1.5 m in width. 
The headliner reduces the daylight opening resulting 
in an area measuring 1 m by 1 m. 
 

 

 

Figure 1 - 2009 Ford Flex 

 

 
 

Figure 2 - Ford Flex Interior Showing Three 
Distinct Daylight Openings 
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Figure 3 - 2013 Ford CMAX 

The 2014 Subaru Forester has a moveable laminated 
glass inbuilt sunroof (shown in Figure 4). It is an 
inbuilt sunroof since the operable glass panel slides 
between the vehicle roof and headliner. A small 
motor mechanically opens and closes the power 
sunroof. Attached to the sunroof are small rods called 
cable guides, which in turn are attached to the 
sunroof motor at the opposite end. When the sunroof 
motor is activated, the motor spins which in turn 
pushes or retracts the rods connected to the sunroof. 
The kinematics of the inbuilt design also allow the 
sunroof to be rotated upward at the rear edge for 
venting purposes. Figure 5 illustrates the different 
modes of operation for this sunroof type. The 
daylight opening measures 1.5 m by 1.5 m. 
 
 

 
 

Figure 4 - 2013 Subaru Forester 

 

 
 

Figure 5 – Operation of Subaru Forester’s Inbuilt 
Sunroof 

 
The ejection impactor used in this project meets 
FMVSS No. 226 specifications and was originally 
designed to extend across a vehicle to impact the side 
window and cannot be articulated inside a vehicle. 
This required the vehicles to be prepared so that the 
impactor could be aimed at the roof structure. The 
vehicles were turned 90 degrees and secured to a 
rigid steel base (see Figure 6). All components not 
integral in providing rigidity to the roof were 
removed. This included all sunshades. A portion of 
the floor was removed to allow the ejection impactor 
to be inserted into the vehicle. Also, the vehicle was 
secured to the impactor frame using steel tubing to 
limit vehicle motion during impact.  
 

 

Figure 6 - Vehicle Prepared to Accommodate the 
Ejection Impactor 

TEST PROCEDURE AND EQUIPMENT 
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Ejection Impactor Description 
 

The component test involved use of a guided linear 
impactor specified for use in FMVSS No. 226 
(shown in Figure 7). The device used met the friction 
and static deflection characteristics therein. It was 
designed to replicate the loading of a 50th percentile 
male occupant’s head and upper torso during ejection 
situations. The ejection mitigation test device 
consisted of an impactor and propulsion mechanism. 
The ejection impactor consisted of a headform 
attached to a shaft. The featureless headform was 
originally developed to be a free-motion headform 
for use in interior impact testing. The width and 
height dimensions as well as the contour of the 
headform face were chosen based on biomechanical 
data from mid-sized adult males. The impacting face 
of the headform had dimensions which are the 
average of the front and side of a human head. The 
ejection impactor has a mass of 18 kg ± 0.05 kg. In 
addition to low friction characteristics, the impactor 
was capable of obtaining the desired velocity in a 
highly repeatable manner and maintaining the desired 
velocity over the travel length. Impact velocity was 
measured by an optical sensor that recorded the time 
a beam of light was interrupted when a “flag,” 
attached to the impactor rod, passed through it. A 
linear variable differential transformer (LVDT) 
recorded the displacement of the impactor mass and 
calculated the velocity to provide a redundant impact 
speed. The impactor had a maximum stroke length of 
700 mm. 
 
 

 
 

Figure 7 - Ejection Impactor 

 

Test Description 
 
A series of tests using the ejection impactor was 
conducted on the vehicles’ roof glazing structures to 
determine their retention characteristics. The 
impactor was positioned perpendicular to the roof, 
with the direction of travel being from inside the 
vehicle towards the outside, and aligned with the 
predetermined target locations. Target locations were 
selected to challenge different aspects of sunroof 
design. There were two targeted impact regions: the 
centermost point on the glazing area and a point in 
the upper rear area of the glazing. A single test was 
also performed on the upper forward corner of the 
moveable sunroof. Impacts to the centermost points 
were intended to primarily test the strength of the 
polyvinyl butyral (PVB) interlayer of the laminated 
glazing, while impacts in the corners were intended 
to primarily test the mounting between the laminated 
glazing (movable or fixed) and the vehicle. The 
selected impact locations for the Ford Flex, Ford 
CMAX, and Subaru Forester are shown in Figures 8, 
9, and 10, respectively. 
 
The headform was aligned such that its longitudinal 
axis was perpendicular to the vehicle’s longitudinal 
axis. Figure 11 shows a typical setup for the ejection 
mitigation component test. Impacts were conducted 
at 16 and 20 km/h. Data from the displacement 
transducer was captured with a data acquisition 
system sampling at 20,000 Hz. The linear 
potentiometer recorded the impactor face 
displacement measured from first contact of the 
impactor headform with the interior glazing surface 
through maximum dynamic displacement. Primary 
and redundant accelerometers recorded the impact 
pulse for force computation. 

 

 
 

Figure 8 - Impact Locations for Ford Flex 
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Figure 9 - Impact Locations for Ford CMAX 

 
 

Figure 10 - Impact Locations for Subaru Forester 
 
After establishing the daylight opening, an offset line 
was marked 25 mm inside the daylight opening. The 
offset from the window daylight opening provides 
buffer to assure that the impactor does not strike any 
vehicle structure surrounding the glass. 
 
Prior to testing, the glazing was broken using the 
prescribed method outlined in FMVSS No. 226 to 
reproduce the state of glazing in an actual rollover 
crash. The method uses a 75 mm offset pattern, with 
a 75 mm by 75 mm pattern on the outside surface of 
the glazing and the same pattern, offset by 37.5 mm 
horizontally, on the inside surface (see Figure 12). A 
spring loaded center punch was used to break the 
glass.  
 
The fixed glass roof panels on the Ford CMAX and 
Flex were replaced between tests by a professional 
glass installer using typical aftermarket glass 
replacement technique. In-house personnel at the 
Vehicle Research and Test Center (VRTC) replaced 
the glass panels and associated hardware on the 
Subaru Forester’s moveable sunroof. 

 
 

Figure 11 - Typical Setup for Ejection Impacts 

 

 
 

Figure 12 – Pre-Broken Glazing 
 
Photographs were taken to document the test set-up 
and post-test observations. High-speed video was 
used to capture the impact during each test. The roof 
structure profile at the point where the glazing is 
bonded to the roof structure was measured pre- and 
post-test with a 3-D coordinate measuring system to 
determine if damage to the roof occurred.  
 
EJECTION TEST RESULTS 
 
One goal of this test series was to assess the 
performance of a small sample of current production 
vehicles with laminated glass roof structures to 
determine their retention characteristics under 
loading with the ejection impactor. The results of the 
tests are tabulated in Table 1. 
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Table 1 Results for Ejection Testing 

 
 
When tested at the 16 km/h impact speed, the 
displacements for both vehicles with fixed glass roof 
structures were within the 100 mm criterion specified 
for side windows in FMVSS No. 226, although the 
results from the Ford Flex were at or just slightly 
below the criterion. As expected, higher values were 
seen at the 20 km/h speed. The Ford CMAX 
displacements were slightly below the criterion, 
while the Ford Flex exceeded the criterion for all 
tests conducted at the higher speed. The table notes if 

tearing to the PVB interlayer occurred during the test 
and to what extent. However, the impactor was fully 
contained (plastic interlayer showed minor tears but 
not “holed”) in all tests despite the presence of 
tearing. Also, there was no incidence of bonding 
material failure at the glass/roof structure interface, 
and no damage was seen to the roof sheet metal in 
either vehicle. This was verified by the 3-D 
coordinate measuring system and the professional 
glass installation procedures.  

Test Number Impact Position

Impact 
Speed 
(km/h)

Displacement 
Beyond Glass 

Plane                   
(mm)

Peak 
Dynamic 

Force               
(N)

Comments

FF01
Center of Daylight Opening Center - 
Upper glazing area over 2nd row 
seat

16.3 95 2,694
Some tearing of PVB interlayer ~ 4 mm; no glass/roof 
bond separation

FF02
Top Rear Corner - Glazing area 
over 3rd row seat

16.3 91 3,157
Some tearing of PVB interlayer ~ 4 mm; no glass/roof 
bond separation

FF03
Center of Daylight Opening - 
Glazing area over 3rd row seat

16.3 100 2,673
No tearing of PVB interlayer; no glass/roof bond 
separation

FF04
Center of Daylight Opening Center - 
Upper glazing area over 2nd row 
seat

20.0 130 3,278
Some slight tearing of PVB interlayer < 4 mm; no 
glass/roof bond separation

FF05
Top Rear Corner - Glazing area 
over 3rd row seat

20.0 113 3,854
Some tearing of PVB interlayer at side of impact area; 
no glass/roof bond separation

FF06
Center of Daylight Opening - 
Glazing area over 3rd row seat

20.0 129 3,280
Some tearing of PVB interlayer ~ 5 mm; no glass/roof 
bond separation

FC01 Center of Daylight Opening 16.1 74 3,625
No tearing of PVB interlayer; no glass/roof bond 
separation

FC02 Center of Daylight Opening 20.0 92 4,637
No tearing of PVB interlayer; no glass/roof bond 
separation

FC03 Top Rear Corner 20.0 93 4,665
No tearing of PVB interlayer; no glass/roof bond 
separation

SF01 Top Rear Corner 20.0 150 2,865

Glazing material separated from frame above impact 
point; Sunroof guide rails pulled out from channel 
creating large gap (< 100 mm) at rearward edge; no 
tearing of plastic interlayer

SF02 Top Rear Corner 16.1 103 2,516
Glazing material separated from frame above impact 
point; no tearing of plastic interlayer

SF03 Center of Daylight Opening 21.2 167 2,851

Pressure variance in propulsion unit produced higher 
impact speed; Sunroof guide rails pulled out from 
channel creating large gap (> 100 mm) at forward 
edge; no tearing of plastic interlayer

SF04 Center of Daylight Opening 16.1 105 2,440
Sunroof guide rails pulled out from channel creating 
large gap (> 100 mm) at forward edge; no tearing of 
plastic interlayer

SF05 Upper Forward Corner 16.1 222 1,836
Sunroof guide rails pulled out from channel creating 
large gap (> 100 mm) at forward edge; no tearing of 
plastic interlayer

 2009 Ford Flex

2014 Subaru Forester

2013 Ford CMAX
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All tests on the Subaru Forester were conducted with 
the sunroof in the fully closed position, and all 
displacement values exceeded 100 mm. The 
displacement measurement was a combination of 
both the glazing material and moveable system parts.  
Impacting the upper corner of the forward edge at 16 
km/h (SF05) produced the highest displacement 
value (shown in Figure 13). The failure mode was in 
the system designed to move the sunroof, as shown in 
Figure 14. In this system, the forward edge of the 
glass panel is attached to the aluminum frame 
through the cable guide. The cable guide travels in a 
U-channel on the aluminum frame.   
 
Finally, there was no discernable difference in the 
peak impact loads between the center of glazing and 
corners.   
 

 
Figure 13 - Maximum Dynamic Excursion on 

Subaru Forester Movable Panel 
 

 

Figure 14 - Typical Failure Mode at the Rail for the 
Movable Glass Panel  

SUMMARY AND OBSERVATIONS 

• NHTSA evaluated the ejection impactor 
specified in FMVSS No. 226 for use in 
testing roof openings. Testing by rotating 
the vehicle and using the impactor through 
the floor appears to be feasible. 

• Three vehicles with production roof 
laminated glass panels were tested. Test 
were conducted to selected targets at 16 and 
20 km/h.  
o The ejection impactor was fully 

contained by the glazing in all fixed 
sunroof panel tests and four of five 
movable sunroof panel tests. The PVB 
inner layer showed minor tears in some 
tests but was not “holed.” 

o There was no damage to the roof sheet 
metal in any test. 

o For the fixed panoramic designs: 
 When tested at 16 km/h, all 

displacements were 100 mm or 
less. 

 When tested at 20 km/h, the 
displacements ranged from 92 to 
130 mm. 

 There was no failure of the glazing 
to roof bonding. 

o For the movable sunroof design, when 
tested at the center of the daylight 
opening and top rear corner: 
 When tested at 16 km/h, the 

displacements were 103 and 105 
mm. 

 When tested at 20 km/h, the 
displacements were 150 and 167 
mm. 

o For the movable sunroof, there was 
damage to the system designed to move 
the sunroof, resulting in large gaps at 
the periphery in four of five tests. Some 
modification to the system would be 
needed to achieve displacements below 
100 mm. 
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ABSTRACT 
  
The Mobileye Shield+ Collision Avoidance System has been implemented in numerous pilot projects and 
installations at various Transit Authorities throughout North America. The system uses sophisticated driver 
scene interpretation to assess the potential for collisions with vulnerable road users. The system can alert the 
driver about an impending collision. In the area around bus stops, statistics have shown a high rate of injuries 
and fatalities during bus operations. The FTA National Transit Database shows that between 2008 and 2015, 
10.8% of all bus-crash related fatalities and 22.3% of all injuries happened to “People Waiting or Leaving” the 
bus. The geometry and geography of bus stop areas present challenges as the rate and angle of approach of the 
bus and the density of waiting passengers can lead to high rates of alerts for drivers as they approach. Higher 
rates of alerts can lead to drivers ignoring the alerts. The objective of this project is to use data and video to 
create filtering and improved system performance. 
 
INTRODUCTION 
  
The following paper shows the results of the 
development that has been done to test warnings of 
Mobileye Shield+ in various scenarios including 
bus stops, intersections and other high density 
locations. The analysis is based on real time testing 
in certain scenarios in order to improve system 
performance levels and filter unwanted alerts - aka 
false warnings or false positives/false negatives.  
 
MOBILEYE SHIELD+ SYSTEM 
 
Mobileye Shield+ is an intelligent blind spot 
detection system for buses, trucks and heavy goods 
vehicles (HGV). The system utilizes multiple smart 
vision sensors and smart angle detection. The 
combination of the two technologies provides an 
informational assistance system to the drivers and 
is activated with sufficient time for the driver to 
avoid dangerous situations.  The Mobileye Shield+ 
artificial vision is trained to identify vehicles and 
all vulnerable road users (VRUs) while ignoring 
inanimate objects. Furthermore, the artificial vision  
 

Sensors of Shield+ are connected to a G-Force 
system to ensure that the proper parameter 
combinations are detected (lateral time-to-collision) 
based on the real time vehicle and VRU 
trajectories.  
 
The Shield+ system delivers two kinds of alerts 
based on the severity of the risk of collision and 
adaptive sensitivity levels. 
 
Danger Zone Detection (Yellow visual only) - 
indicating that a VRU is present in one of the blind 
spot zones of the vehicle alerting the driver to act 
with caution.  
 
Collision Warning (red flashing visual and audio) 
- indicating that a VRU and the vehicle are on an 
imminent collision course, triggered when the time 
to collision (TTC) between the VRU and the 
vehicle shortens to a critical time, alerting the 
driver to take immediate action to prevent the 
collision. 

 
 

 

 
 
 
 

Figure 1. Driver Alert Displays 

Danger Zone 
Detection 
Yellow 

Collision 
Warning  
Red 
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BUS STOP AND SIMILAR SCENARIOS 
 
Bus Stop Approach  
In this scenario, the vehicle is turning obliquely 
towards the bus stop and straightening quickly. 
This maneuver contains three distinct scenarios: 
Driving straight, partial turning and straightening 
parallel to the bus stop.  
As seen in the figure above, the vehicle is 
approaching the bus stop (position 1), making an 
oblique right turn (position 2) and straightening 
away (position 3).  

Figures 3, 4 and 5 show the scene as the bus 
approaches a pedestrian waiting at the bus stop. 
The Field Of View (FOV) is changing accordingly 
with each position. When about to reach the bus 
stop (Position 1 as seen in Figure 3), the system 
recognizes the pedestrian but does not alert as the 
pedestrian is not at a critical TTC. When 
approaching the bus stop (Position 2 as seen in 
Figure 4), the system detects the pedestrian and the 
TTC reaches the critical threshold due to the bus 
speed, direction and proximity to the detected 
pedestrian (Note the red cross is very close to the 
pedestrian indicating the system sees that 
pedestrian as being at risk to a direct collision). 
However, as the vehicle straightens (Position 3 as 
seen in Figure 5), the TTC drops as there is 
diminishing danger of collision (Note the red cross 
is now much further away from the pedestrian). 
The same scenario can be seen graphically in 
Figure 6 below. The graph shows the criticality of 
the TTC at each position of the vehicle over time.  
 
As the vehicle’s position and angle quickly change, 
the instantaneous TTC criticality becomes 
irrelevant as the pedestrian is in a danger zone only 
momentarily.  

 
 

 

 
 
  
  

Figure 2. Bus Stop Approach Scenario 

Figure 3. Waiting Pedestrian as seen 
while bus is in position 1 

Figure 4. Waiting Pedestrian as seen 
while bus is in position 2  

Figure 5. Waiting Pedestrian as seen 
while bus is in position 3  

Figure 6. Bus Stop Approach Graph  
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Left + Right Turns Scenario 
This maneuver is very similar to a bus stop 
scenario but in the opposite direction. As seen in 
Figure 7, the vehicle starts its journey at position 1, 
makes a slight left turn at position 2 and then 
amidst the left turn, the driver changes the course 
of the vehicle and makes a right turn (turning point) 
in order to arrive at position 3. Just before the 
turning point, the Shield+ system detects the 
pedestrian and determines that, given the current 
course of the vehicle and the pedestrian, the time to 
collision (TTC) is shortening critically and 
consequently alerts the driver with a collision 
warning. Figure 8 graphically shows the criticality 
TTC at the different positions within the scenario. 
(In the same fashion as the bus stop scenario with 
respect to TTC) The driver in this case as well, 
does not view the pedestrian as a potential risk 
since he intends to change course quickly and turn 
right. Therefore, he interprets the collision warning 
as a subjectively sensitive warning. The Shield+ 
System detects a true risk based on the current 
course while the driver doesn't consider it as a risk. 

 

  
 
 

Cross Walks 
Vehicle approaches the crosswalk as pedestrians 
are crossing. Vehicles may approach with too much 
speed when approaching the cross walk, thereby 
creating alerts, sometimes subjectively deemed 
overly sensitive by drivers.  

 
  
Parallel Scenarios  
Detection of VRUs when moving parallel to the 
bus – cyclists may pull up alongside the bus 
waiting at an intersection. Filtering must be done to 
provide detection for the driver without providing a 
warning unless the driver begins a turn. Pedestrians 
moving parallel to the bus along the sidewalk shall 
not create a collision warning unless the pedestrian 
changes direction suddenly.  

  

Figure 8. Left + Right Scenario Graph 

Figure 7. Left + Right Scenario  

Figure 9. Crosswalk Scenario  

Figure 10. Parallel Pedestrian Scenario  

Figure 11. Parallel Bicyclist Scenario  
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Turns 
The Shield+ system must be configured to alert the 
driver only when the VRU is determined to be on a 
collision course below the TTC threshold. See 
Figure 12. Figure 13 illustrates the type of filtration 
that allows the Shield+ system to ignore 
pedestrians seen by the system either moving away 
or parallel to the vehicle but alert on pedestrians 
moving towards the vehicle.  
 

 

 
PROCEDURE  
 
1. Installation of Shield+ systems together with 

FMS (Fleet Management System) units in 
order to capture and retrieve the alerts from the 
Mobileye Shield+ systems 

2. Installation of video recording systems to 
record and assess the actual scenarios 

3. Comparison of results from the FMS unit and 
real time video 

4. Labeling (marking) false alerts 
5. Finding a balance by using the adaptive 

sensitivity levels in order to maximize 
performance and filter very low risk or 
irrelevant alerts  

  

ALERT ANALYSIS 
 
Alerts 
Accuracy is a key factor in any driver assistance 
system that is based on detection and warnings to 
the driver. Such systems should have a low 
threshold of false alerts assuring that: a) all 
imminent collisions are truly detected; and b) 
drivers will not become numb to the warnings and 
ignore them. 
When referring to alerts, the following types should 
be considered: 
 
Definition 
 
• Appropriate Alert – An appropriate alert 

as described in detail above occurs when 
the system detects a vehicle or VRU on a 
collision course with the subject 
vehicle/bus. If the TTC falls below the 
pre-determined threshold, the system will 
alert.   

• False Negative Alert– A false negative 
alert is an incident where no collision 
warning was given although there was an 
imminent collision course between a VRU 
and the vehicle (the time to collision 
between the VRU and the vehicle 
critically shortens). This type of false 
warning is due to a failure of the system to 
detect the collision. 

• False Positive Alert– A false positive alert 
is an incident where a collision warning 
was given although there was no imminent 
collision course between a VRU and the 
vehicle (the time to collision between the 
VRU and the vehicle did not critically 
shorten or no VRU was present).  

• Subjective Sensitivity Positive Alert – a 
subjective sensitivity positive alert is the 
case when there is a collision course 
between a VRU and the vehicle, and the 
time to collision shortens, but due to 
conservative system definitions regarding 
possible collisions, the system is set to 
observe a potential imminent danger in a 
more sensitive way than the attentive 
driver perceives or at the same time that 
the driver perceives the danger. Thus 
while the system detects and gives a 
warning of a collision the driver will 
subjectively not interpret the situation as 
an imminent collision risk. This disparity 
must also balance the need for alerts with 
an inattentive driver.  

  
  
  

Figure 12. Turn w/ Pedestrian Alert  

Figure 13. Turn w/ Filtration  
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Analysis  
The focus of the analysis in this paper is on driver 
behavior and driver experience as a user of the 
system and therefore the main issue for analysis is 
different types of positive alerts. As described 
earlier, a false positive alert is an incident where a 
collision alert was given although there was no 
imminent collision course between a VRU and the 
vehicle (the time to collision between the VRU and 
the vehicle did not critically shorten or there was 
no VRU present). A low threshold of false positive 
or subjective alerts is vital to any driver assistance 
system, in order to assure drivers’ confidence and 
reliance on the system and to avoid drivers 
becoming numb to the alerts and ignoring them. 
From analysis of videos and alerts it  is apparent 
that almost none of the false positive alerts that 
were reported in Shield+ pilots were true false 
positive alerts; that is to say, that there were a very 
small number of incidents that a collision warning 
was provided while there was no VRU in a possible 
collision course with the vehicle. (less than 1%)  
Therefore, the focus of this report are the  
 

Subjective Sensitivity Positive Alerts; meaning that 
there is a gap in the interpretation of the risk 
between the driver and the Shield+ system. This 
gap is mostly due to conservative system 
definitions regarding possible collisions, setting the 
system to observe a potential imminent danger in a 
more severe way than the driver.  It is still 
important to refine the filtering in a way that does 
not compromise safety in the event the driver is 
inattentive or distracted.  
 
The Results of the Study 
The following table shows the accumulated data of 
one pilot study in Washington State, indicating for 
each vehicle the total distance travelled and the 
number of warnings, their type and from which 
camera they originate. It should be noted that the 
trial was done in an urban area, dense with 
pedestrians, bus stops, cyclists and motorcycles; 
therefore, the probability of false warnings is 
higher than on highways or country roads. 
 
 
 
  

Vehicle Total 
Mileage 

Mobileye 
PCWRR 

Subjective 
PCWRR 

Mobileye 
PCWLR 

Subjective 
PCWLR 

Mobileye 
PCWLF 

Subjective 
PCWLF 

Mobileye 
PCWF 

Subjective 
PCWF 

1 13744.85 18 3 16 1     247 177 
2 22044.87 54 2 49 3 2   390 100 
3 24644.08 21 1 10 1 1   293 41 
4 19801.85 6   5 0     390 97 
5 20884.59 3 0 11 1 2   536 132 
6 19965.09 42 4 35 2 1   227 28 
7 41867.36 2   17 0 1   183 27 
8 39578.9 45 5 49 6 2   616 47 
9 35495.69 3   87 0     309 39 

10 34656.16 25 4 24 0 5   179 63 
11 12203.48 30 6 93 14 14   241 80 
12 30967.09 15   42 0 1   633 109 
13 28806.94 15 1 35 2 18   219 78 
14 7635.47 28 1 75 4     202 37 
15 5961.19 60 1 5 0     143 16 
16 20062.08 2   81 7 7   449 93 
17 20099.05 22 2 53 15 5   345 100 
18 9364.8 9   150 7     536 168 
19 10703.3 35 1 239 13 32   491 134 
20 19225.96 29 2 76 11 23   458 161 

Total 437712.8 464 33 1152 87 114 0 7087 1727 

 
PCWRR Pedestrian Collision Warning - Right Rear 
PCWLR Pedestrian Collision Warning - Left Rear 
PCWLF Pedestrian Collision Warning - Left Front 
PCW Pedestrian Collision Warning - Front 

 

 
Table 1. Data from Washington State Pilot  
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The data shows that the total number of collision 
warnings over the trial period was 8,817. The total 
number of subjective sensitivity alerts over the trial 
period was 1,847. The subjective alert rate over the 
trial period was 20.9%. 
The number of collision warnings per 1,000 miles 
was 20.1. 
The number of subjective alerts per 1,000 miles 
was 4.21. 
The following pie charts represent the percentages 
as described in the tables above: 
 

 

According to the table and as described in this pie 
chart, we can see that most of the alerts have been 
generated by the master camera (PCWF). 
 
 
 

 

This Pie chart  indicates that most of the subjective 
alerts have also been generated by the master 
camera. This corresponds to the preeminence of 
bus stop and crosswalk activity in the operation of 
a transit bus. 

 

By reviewing the video data from vehicles in the 
pilot, we determined that most of the subjective 
sensitivity alerts have been generated in the bus 

1152 464
114

7087

Alert Per Camera

PCWLR PCWRR PCWLF PCWF

0 33

87

1314

Subjective Alerts Per Camera

PCWLF PCWRR PCWLR PCWF

1022

158

134

Subjective PCWF Alerts

Bus stop event Crossing walk other

 Mobileye 
PCWRR 

Subjective 
PCWRR 

Mobileye 
PCWLR 

Subjective 
PCWLR 

Mobileye 
PCWLF 

Subjective 
PCWLF 

Mobileye 
PCWF 

Subjective 
PCWF 

Total 
Warnings 

Total 
Subjective 
Warnings 

Total 

Number 

of 

Warnings 

464 33 1152 87 114 0 7087 1727 8817 1847 

Warnings 

per 1000 

Miles 

1.06 0.07 2.63 0.2 0.26 0.00 16.2 3.94 20.1 4.21 

Table 2. Total & Averages Per 1,000 Miles for the Above Table  

Figure 14. Alerts Per Camera  

Figure 15. Subjective Alerts Per Camera  

Figure 16. Subjective PCWF Alerts  
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stop scenario with the second largest amount 
coming from cross walk approaches. 
 
RESULTS 
Using the above data, we were able to determine 
that most of the subjective sensitivity alerts were 
coming from the front camera in bus stop 
scenarios. When approaching a bus stop, the bus 
may make a right turn in the range of 45 degrees 
maximum, and then quickly turn left to come 
parallel to the bus stop. This pattern together with a 
dramatic slowdown and the resulting G-forces 
became a signature to recognize a form for 
filtration of subjective alerts. We were able to 
“teach” the system how to filter scenarios by using 
parameters of view and sensor configuration. We 
improved performance and detection levels at the 
bus stop scenario and significantly reduced the 
pedestrian sensitivity during the maneuver and 
filtered irrelevant pedestrian detections and 
warnings. By finding the correct balance the system 
generates alerts only when appropriate. As a result 
subjective sensitivity PCWs have been reduced. In 
most cases those PCWs have been replaced with 

PDZ alerts thereby maintaining driver awareness of 
pedestrians without nuisance audio.  
 
In Table 3 and Figure 17, data is shown from two 
transit properties in Washington State where the 
improved algorithm was applied. The resulting 
reduction in PCWF type alerts was indicative of 
reduced sensitivity based on the bus stop maneuver 
filtration.  
 

 

 
 
 
 

 
 
  

Transit Status 
Before 

Algorithm 
Change 

After 
Algorithm 

Change 
Improvement 

Transit 
A 

PCWRR 3.4 1.7 50.00% 

PCWLR 12 2.3 80.83% 

PCWF 51.8 27.1 47.68% 

Transit 
B 

PCWRR 6.8 3.3 51.47% 

PCWLR 37.8 22 41.80% 

PCWF 111.4 48.2 56.73% 

Table 3. Data from (2) transit properties before & 
after the bus stop algorithm change.  

Figure 17. Graphical data from (2) transit properties before & after the bus stop algorithm change.  
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Figures 18 & 19 show screen shots of video 
playback before and after the algorithm changes at 
a specific Washington State transit authority. In the 
exact same locations with pedestrians standing at 

the same bus stop, and with similar approach 
speeds and angles, the Shield+ system generated a 
PCWF alert before the change (Figure 18) and a 
PDZ (Detection alert) after the change (Figure 19).

 
 

  

Figure 19. Vehicle A shows PDZ after algorithm change.   

Figure 18. Vehicle A shows PCWF before algorithm change.   
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The second set of screen shots show the algorithm 
improvements as they were applied to cross walk 
approaches. Similarly, the first screen shot (Figure 
20) shows a pedestrian crossing in front of an 
approaching bus at a crosswalk. This situation 

generated a PCWF alert before the algorithm 
change. The second screen shot (Figure 21) shows 
nearly the exact scenario after the algorithm 
change. In the second case, the system generated a 
PDZ (Detection alert).

 

  

Figure 20. Vehicle A shows PCWF before algorithm change.   

Figure 21. Vehicle A shows PDZ after algorithm change.   
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CONCLUSION 
 
By analyzing the details of these pilots, we were able 
to determine that most of the false alerts were 
subjective sensitivity alerts generated by the master 
camera when entering a bus stop or approaching a 
crosswalk. 
After filtering, buses that continued operating were 
found to experience in the range of 50% fewer front 
PCW collision warnings and as much as a 90% 
reduction in subjective sensitivity alerts. Other 
ongoing pilots have borne these results out. Video 
and data continues to be processed and analyzed. As 
more video is analyzed, additional results will be 
provided during the oral presentation and subsequent 
reports.  
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ABSTRACT 
Federal Motor Vehicle Safety Standard (FMVSS) 
No. 213, “Child restraint systems,” specifies 
performance requirements for child restraint systems 
(CRSs).  The performance of a CRS is evaluated in a 
simulated frontal impact 48 km/h (30 mph) sled test.  
The National Highway Traffic Safety Administration 
(NHTSA) plans to update the FMVSS No. 213 seat 
assembly to better represent the rear seats of the 
current1 vehicle fleet including the geometry, 
anchorage locations (seat belt, lower anchorages and 
tether anchorages) and seat foam of rear seats.  
Limited testing indicates that child restraints in the 
current market can meet the performance 
requirements of the current FMVSS No. 213 when 
evaluated using the updated seat assembly under 
consideration.  Paired comparison analysis of 
performance measures obtained from CRSs in 
FMVSS No. 213 compliance tests and those in 
similar sled tests conducted with the updated seat 
assembly indicated no significant differences. 
 
INTRODUCTION 
Federal Motor Vehicle Safety Standard No. 213, 
“Child restraint systems,” specifies performance 
requirements for child restraint systems.  The 
performance of a child restraint system is evaluated 
in a dynamic frontal sled test that simulates a 30 mph 
change in velocity of a vehicle involved in a frontal 
crash.  The FMVSS No. 213 seat assembly was 
originally based on the configuration and 
performance parameters of a 1974 Chevrolet Impala 
production front bench seat.   
 
FMVSS No. 213 was upgraded on June 24, 20032 by, 
among other things, incorporating advanced child 
anthropomorphic test devices (ATDs), and by 

                                                           
1 Based on a vehicle survey of using 24 Model Year 
2010 vehicles. 
2 68 FR 37620 
3 Some of the 2003 test bench upgrades were based 
on results of a 35 vehicle survey performed by U.S. 
Naval Air Warfare Center Aircraft Division at 
Patuxent River, Maryland (PAX). Docket No. 
NHTSA-2002-11707. 

modifying some features of the standard seat 
assembly to make it more representative of rear seats 
of the vehicle fleet at that time.3  Modifications to the 
seat assembly in 2003 included the seat bottom 
cushion angle, seat back cushion angle, spacing 
between the anchorages of the lap belts, and the seat 
back rigidity of the seat assembly.  The 2003 upgrade 
of the seat assembly did not include modifications to 
the seat cushion, which was found to be soft and too 
thick in comparison to rear seat cushions in the 
vehicle fleet at the time.  
 
This paper details the development of the latest 
potential updates to the FMVSS No. 213 seat 
assembly4 including the assembly’s geometry, 
anchorage locations (seat belt, lower anchorages and 
tether anchorages) and seat foam.  This paper also 
presents results of paired sled tests with different 
CRSs to compare the performance of CRSs using the 
updated seat assembly and the current FMVSS No. 
213 seat assembly. 
 
STANDARD SEAT ASSEMBLY UPDATE 
Vehicle Survey 
The agency conducted a vehicle rear seat study5 in 
which certain vehicles in the fleet were measured to 
compile data on the rear seat environment.  Various 
measurements including seat back angle, seat back 
height, seat pan and seat back cushion thickness, seat 
pan width, and seat belt location as well as child 
restraint anchorages, were taken for 43 individual 
rear seat positions in 24 Model Year (MY) 2010 
vehicles.  The seat assemblies that are currently used 
to evaluate CRSs, including NHTSA’s current 
FMVSS No. 213 seat assembly and the seat assembly 
from European tests, Economic Commission for 
Europe (ECE) R.44, were also measured as part of 
this study.  
 
The rear seat study used a Seat Geometry Measuring 
Fixture (SGMF) to consistently measure the seat 
geometry and anchorage locations.  The SGMF 
consisted of two wood blocks (600 mm x 88 mm x 38 
mm) and a three-inch76 mm (3 inch) hinge (see 
Figure 1).  To make the rear seat geometry 
measurements, the SGMF was positioned on the 
centerline of each rear seat position.  Point A (see 

4 Drawings of the latest updates to the seat assembly 
can be found in Docket No. NHTSA-2013-0055-
0008 and NHTSA-20013-0055-0013. 
5 The vehicle survey was conducted by Alpha 
Technology Associate, Inc.  The Vehicle Rear Seat 
Study – Technical Report can be found in docket No. 
NHTSA-2014-0012-0005. 
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Figure 1), which corresponds to the hinge location of 
the SGMF, was the reference point for all 
measurements.  
   

 
Figure 1.  SGMF Sketch (left), SGMF Positioned 
on a Vehicle Rear Seat (right). 
 
Seat Geometry  
     Seat Assembly Angles The vehicle survey 
showed that the average seat back angle of the 
surveyed vehicles was 20 degrees from the vertical 
with a standard deviation of 4 degrees.  The seat back 
angle ranged from a minimum of 9 degrees to a 
maximum of 28 degrees from the vertical.  The 
current seat back angle of the FMVSS No. 213 seat 
assembly is 20 degrees.  The updated seat assembly 
has a seat back angle of 20 degrees. 
 
For the seat pan angle, the survey showed that the 
average angle was 13 degrees from the horizontal 
with a standard deviation of 4 degrees.  The seat pan 
angle ranged from a minimum of 7 degrees to a 
maximum of 23 degrees.  The current seat pan angle 
of the FMVSS No. 213 seat assembly is 15 degrees.  
The updated seat assembly has a seat pan angle of 15 
degrees.  
 
     Seat Back Height and Seat Pan Length The 
survey showed that the average seat pan length of the 
surveyed vehicles was 406 mm (16 inches) with a 
standard deviation of 38 mm (1.5 inches).  The seat 
pan length of the current FMVSS No. 213 seat 
assembly is 416 mm (16.3 inches).  The average 
height of the seat back from the vehicles surveyed 
was 688 mm (27 inches) with a standard deviation of 
76 mm (3 inches) when the head restraint was 
included, and 578 mm (22.7 inches) with a standard 
deviation of 60 mm (2.3 inches) when the head 
restraint was not included in the measurement.  The 
seat back height of the current FMVSS No. 213 seat 
assembly is 517 mm (20.4 inches), and the seat back 
does not have a head restraint. 
 
 
 
 

Table 1.  
Standard Seat Assembly Geometry Comparison 
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Seat Back Angle 
(degrees) 

20 4 20 20 20 

Seat Pan Angle 
(degrees) 

13 4 15 15 15 

Seat Pan Length 
(mm) 

406 38 416 438 412 

 
Seat 
Back 

Height 
(mm) 

With 
Head 

Restraint 
688 76 - - - 

Without 
Head 

Restraint 
578 60 517 432 573 

 
The updated seat assembly has a seat pan length of 
412 mm (16.2 inches), which is within one standard 
deviation of the average seat pan length in the current 
vehicle fleet. The updated seat assembly, which has a 
seat back without a head restraint, has with a seat 
back height of 573 mm (22.5 inches).  This is within 
one standard deviation of the average seat back 
height observed for the current fleet when the head 
restraint is not included. 
 
Table 1 shows a summary of the standard seat 
assembly geometry comparisons. 
 
 
     Seat Belt Anchorages The updated seat assembly 
has only one seating position, which is designed to 
represent a generic outboard or center seating 
position.  The data from the surveyed vehicles guided 
the location of the lap belt and shoulder belt 
anchorages.  Also taken into consideration were the 
seat belt anchorage location requirements in FMVSS 
No. 210, “Seat belt assembly anchorages,” the 
practicability of testing different types and sizes of 
CRSs, and potential variability in test results due to 
interference between the seat belt anchorages and the 
seat structure.  
 
Table 2 shows the averages and standard deviations 
of the seat belt anchorage locations from the 
surveyed vehicles, and also the location of the seat 
belt anchorages in the updated seat assembly design 
as well as the current FMVSS No. 213 seat assembly. 
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Table 2. Belt Anchorage Measurements (mm) 

    
Surveyed Vehicles 

Average 
Standard 
Deviation 

FMVSS 
No. 213 

ECE R. 
44 

Updated 
Seat 

Assembly   

Shoulder Belt 
Location  

Aft 350 118 350 216 393 

Lateral 247 57 247 302 244 

Vertical 581 72 690 500 634 

Lap Belt 
Location  

Aft 57 61 - - 77 

Lateral 211 54 - - 225 

Vertical   -44 82 - - -89 

Distance 
Between Lap 

Belt  

Outboard 450 36 427 - 449 

Center 356 60 400 - - 

Notes: Fore/Aft: Positive value mean they are rearward of point A (fore) and negative values mean they are forward 
of point A (aft). For vertical measurements positive means they are above point A and negative means they are 
below point A. Lateral measurements mean the distance from point A to either side of the anchor.   
 
 
Figure 2 shows the side view of the updated seat 
assembly, the location of the lap belt anchorages, and 
the FMVSS No. 210 corridor.6  Figure 2 also shows 
that the lap belt anchorage locations in the updated 
seat assembly are within the FMVSS No. 210 
corridor. 

 
Figure 2.  Updated Seat Assembly Depicting the 
FMVSS No. 210 Corridor. 

                                                           
6 FMVSS No. 210 Section 4.3 

The locations of the lap belt anchorages on the 
updated seat assembly were selected to be more 
rearward and lower than the average locations from 
the vehicles surveyed, while still being within one 
standard deviation of the average values found in the 
surveyed vehicles.  The seat belt position was 
selected to avoid interaction of the belt and belt 
hardware with the seat cushion, which could 
introduce variability in the test results.  The distance 
between lap belt anchorages is approximately equal 
to the average spacing found in the vehicles 
surveyed. 
      
     LATCH Anchorages Table 3 shows the average 
location of the lower anchorages and the tether 
anchorage in the 24 vehicles surveyed and the 
updated seat assembly.  A negative vertical value 
indicates the anchorage is below Point A on the 
SGMF.  The lower anchorages of the updated seat 
assembly have an 280 mm (11-inch) lateral spacing 
between them, as specified in FMVSS No. 225, 
“Child restraint anchorage systems,” and the lower 
anchorage metal bar is 37 mm (1.45 inches) long. 
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Table 3.  
Child Restraint Anchorage System Measurements 

from Point A of SGMF 
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Lower 
Anchorages 

(mm) 

Aft 100 21 58 
Lateral 137 29 140 
Vertical -12 24 -38 

Tether 
Anchorage 
Seat Back 
Position 

(mm) 

Aft 280 88 330 
Lateral 0 44 0 

Vertical 140 281 133 

 
The location of the lower anchorages selected for the 
updated seat assembly is more forward than the 
average location obtained from the current fleet in 
order to prevent interference with the seat back 
cushion, and to prevent some CRSs with rigid 
LATCH from adopting an incorrect installation 
angle.  A location more forward than the average 
from the surveyed vehicles was selected for the lower 
anchorages to make it easier to install the CRSs on 
the seat assembly.  While the updated location for the 
lower anchorages in the aft direction is not within one 
standard deviation of the average for the current 
vehicle fleet, the aft location of the lower anchorages 
on the updated seat assembly is likely to be 
representative of the average vehicle fleet that would 
comply with the proposed LATCH usability 
requirements7 that limit the depth of the lower 
anchorages to be no more than 2 cm inside the seat 
bight. 
 
Although tether anchorages can be located in a wide 
area specified by FMVSS No. 225, the surveyed 
vehicles showed that tether anchorages were mostly 
centered along the designated seating position (DSP) 
centerline and found in two main areas: the seat back 
and the package shelf.  A seat back tether anchorage 
location within one standard deviation of the survey 
average was selected for the updated seat assembly, 
as shown in Table 3. 
 
     Seat Pan Cushion Characteristics8 Since CRSs 
are tested on the FMVSS No. 213 standard seat in a 
dynamic sled test, the dynamic stiffness of the 
various seat cushions was quantified.  The dynamic 
force-deflection (dynamic stiffness) of the seat 

                                                           
7 80 FR 3744 
8 Detailed information on the foam development can 
be found in the report “Evaluation of Seat Foams for 

cushion in rear seats of 14 MY 2006-2011 vehicles, 
the seat foams specified in ECE R.44 and New 
Programme for the Assessment of Child Restraint 
Systems (NPACS), and the seat cushion from the 
FMVSS No. 213 standard seat assembly were 
compared.  The dynamic stiffness of the seat 
cushions and seat foams were determined using a 
pendulum impact device (PID), which consisted of an 
arm with a 152.4 mm (6 inches) diameter impactor 
weighing 7.8 kg (17.2 lb).  The impactor was 
dropped at an average impact velocity of 3.4 m/s (7.6 
mph) on the seat cushion.  The PID was instrumented 
with a tri-axial accelerometer and an angular rate 
sensor to calculate the displacement as well as a 
uniaxial load cell to measure the force.  

 
Figure 3 below shows the results from the PID test 
with the various foam selections.  The force 
deflection curves show the ECE R.44 and NPACS 
foams to be stiffer than the vehicle fleet tested.  The 
FMVSS No. 213 foam, tested on the standard seat 
assembly with a cover, is on the low end of the 
vehicle fleet rear seat stiffness.   

 

 
Figure 3.  Dynamic Force-Displacement (stiffness) 
of ECE R.44 Seat Foam (black-dashed), NPACS 
seat foam (black-dashes and dots), FMVSS No. 
213 Seat Cushion (dark grey solid), Seat Cushions 
from Vehicle Rear Seats (light grey solid), and the 
Updated NHTSA-Woodbridge Seat Cushion (solid 
with circles).  
 
The agency worked with The Woodbridge Group to 
develop a new seat cushion targeting average foam 
characteristics from the current vehicle fleet.  This is 
shown and referred to as the NHTSA-Woodbridge 
seat cushion in Figure 3.  Table 4 shows the dynamic 
stiffness characteristics of the developed seat foam 

the FMVSS No. 213 Test Bench,” Docket No. 
NHTSA-2013-0055-0013.   
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based upon ASTM D35749 indentation force 
deflection (IFD) and compression force deflection 
(CFD) testing.  The NHTSA-Woodbridge foam 
specifications are shown in Table 4: 
 

Table 4.  
Stiffness of the NHTSA-Woodbridge Seat Foam 

Foam Characteristics Foam Specifications 
Density  47 kg/m3 (2.9 lb/ft3) 
IFD (25% deflection)  237 Newton (N) (53.2 lb) 
IFD (50% deflection)  440 Newton (N) (99 lb) 
IFD (65% deflection)  724 Newton (N) (162.7 lb) 
CFD (50% compression) 6.6 kPa (137.8 lb/ft2) 
 
Measurements that were obtained from the surveyed 
vehicles showed an average seat cushion thickness 
for rear seating positions of 90 mm (3.5 inches) with 
a standard deviation of 40 mm (1.5 inches), measured 
at the centerline of the seat pan.  The NHTSA-
Woodbridge foam is 101.6 mm (4 inches) thick, 
which is within one standard deviation.10  A four-
inch foam was also desirable to simplify procurement 
of the foam, as standard foam certifications, such as 
IFD, are provided for samples with a four-inch 
thickness. 
 
The cushion assembly, which includes the foam 
wrapped and secured with cover, was based on the 
ECE R.44 test procedure and its recommendations on 
how to wrap the foam for testing.  The ECE R.44 
cover material is a sun shade cloth made of poly-
acrylate fiber with a specific mass of 290 (g/m2) and 
a lengthwise and breadthwise breaking strength of 
120 kg (264.5 lb) and 80 kg (176.3 lb), respectively. 
The updated seat cushion assembly used a similar 
material to cover the foam.  The cover was folded 
using a specified method similar to the ECE R.44 
procedure and taped onto the underside of the metal 
mounting plate.  Three-inch-wide preservation tape - 
was used to secure the cover to the plate.  Figure 4 
demonstrates the cushion assembly for the seat pan 
cushion.  
 

                                                           
9 American Society for Testing and Materials D3574-
11 - Standard Test Methods for Flexible Cellular 
Materials—Slab, Bonded, and Molded Urethane 
Foams. 

 
Figure 4.  Seat Pan Cushion Assembly. 

 
SLED TESTING  
The updated seat assembly was used for a series of 
dynamic sled tests performed by the Transportation 
Research Center (TRC) Inc. and the data were used 
to evaluate different CRS models for comparison to 
compliance test results using the current FMVSS No. 
213 seat assembly.  A total of 12 sled tests were 
performed using 12 different CRS models.  Details of 
the sled testing can be found in Appendix A, Table 
A1.  The overall updated seat assembly with the 
cushions is shown in Figure 5.11   
 

 
Figure 5.  Updated Seat Assembly. 

 

10 The current FMVSS No. 213 seat assembly seat 
pan cushion has a thickness of 152.4 mm (6 inches).   
11 Described as Version 2 (V2) seat assembly in the 
referenced documentation including Docket No. 
NHTSA-2013-0055-0008. 
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Sled testing with the updated seat assembly was 
conducted using a sled pulse with a change in 
velocity per the FMVSS No. 213 specifications of 48, 
+0, -3.2 km/h (30, +0, -2 mph).  To assess CRS 
performance, testing included the use of CRABI 12-
month-old (CRABI 12MO), Hybrid III three-year-old 
(HIII 3YO), and Hybrid III six-year-old (HIII 6YO) 
ATDs.   
 
The CRABI 12MO was utilized in the rear-facing 
(RF) configuration with infant and convertible CRSs.  
Instrumentation used in the CRABI 12MO included 
head accelerometers, upper and lower neck load cells, 
chest accelerometers, lumbar spine load cells, and 
pelvis accelerometers.   
 
The HIII 3YO was tested in the forward-facing (FF) 
configuration with convertible CRSs.  HIII 3YO 
ATD instrumentation included head accelerometers, 
upper and lower neck load cells, chest 
accelerometers, a chest rotary potentiometer, a 
lumbar spine load cell, and pelvis accelerometers. 
 
The HIII 6YO was used in the FF configuration with 
convertible CRSs and belt positioning boosters 
(BPBs).  The instrumentation used to evaluate the 
HIII 6YO included head accelerometers, upper and 
lower neck load cells, chest accelerometers, a chest 
rotary potentiometer, a lumbar spine load cell, pelvis 
accelerometers, and left and right femur load cells. 
 
Data was collected for all of the aforementioned 
instrumentation; however, an analysis was only 
conducted on the data pertaining to the performance 
measures currently used in FMVSS No. 213: head 
injury criteria (HIC36), 3-millisecond (ms) clip chest 
acceleration, and occupant head and knee excursions.  
Additionally, occupant kinematics were noted and 
compared to responses on the standard FMVSS No. 
213 seat assembly.  
 
The CRSs were installed on the updated seat 
assembly using the lower anchorages only (LA 
Only), lower anchorages and top tether (LATCH), 3-
point belt with top tether (SB3PT&T), or 3-point belt 
without top tether (SB3PT).  This configuration 
differs from current compliance testing, as 3-point 
belts are only used for BPBs.  For all of the 
configurations tested, the belts were tensioned as 
given in Table 5 using a three-prong belt tensioning 
gauge (Borroughs BT3329S).  
 
For some CRSs, it was not possible to access the 
lower anchorages with the belt tensioning gauge, or 
the belt tension could not be accurately measured 
using the gauge.  In such cases, adequate belt tension 

was determined by ensuring that the installed CRS 
could not be moved by more than one inch in any 
direction of its installed position when pulled at the 
belt path.  The lateral alignment of the ATD and the 
CRS on the seat assembly was set using 
measurements from a digital measuring device 
(FARO arm).  

Table 5. 
 Belt Tensioning Targets 

Belt Type Tension  

Harness 8.9-13.3 N 
(2-3 lb) 

Lower Anchorages 53.4-66.7 N 
(12-15 lb) 

Tether Anchorage 44.5-53.4 N 
(10-12 lb) 

Belts for CRSs 53.4-66.7 N 
(12-15 lb) 

Belts for BPBs 8.9-13.3 N 
(2-3 lb) 

For each test, the computed performance measures of 
HIC36 (1000), 3-ms clip chest acceleration (60 g), 
maximum seat back angle from vertical for rear-
facing orientations (70 degrees), head excursion (720 
mm with top tether, 813 mm without top tether), and 
knee excursions (915 mm) for forward-facing 
orientations were compared to the injury assessment 
reference value (IARV) limits specified in 
parentheses above.  Excursion values were measured 
using 2D image analysis software.  Results were 
categorized as “pass” if the performance measure was 
less than the corresponding IARV and as “fail” if it 
was greater than the IARV. 
 
Results of the sled testing were: 

• 14/14 passed HIC36 
• 14/14 passed 3-ms clip chest acceleration 

 
Rear-facing CRSs 

• 7/7 passed seat back angle 
 
Forward-facing CRSs 

• 7/7 passed head excursion 
• 7/7 passed knee excursion 

 
Test results and performance measures for each test 
are provided in Appendix B, Table B1.  For HIC36 
values that are marked with an asterisk, the 
accelerometer data had to be truncated due to a data 
spike caused by the head striking the seat back.  The 
truncation only removed the rebound phase, starting 
at approximately 175 milliseconds. 
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COMPARISON TO CURRENT FMVSS NO. 213 
SEAT ASSEMBLY 
Child restraint systems sold in the United States must 
meet performance requirements specified in FMVSS 
No. 213, including a sled test that simulates a 48 
km/h (30 mph) frontal impact to which manufacturers 
must self-certify.  NHTSA’s enforcement testing 
verifies that manufacturers have met the necessary 
requirements. 
 
Dynamic sled tests on the current FMVSS No. 213 
seat assembly completed for enforcement were 
compared to similar tests on the updated seat 
assembly.  Test results for the compliance tests are 
available in Appendix C, Table C1.  Note that the 
Evenflo Tribute in rearward-facing and forward-
facing modes was restrained by a two-point seat belt 
in the compliance testing, but it was restrained by a 
three-point belt during the updated seat assembly 
testing.   
 
Paired T-tests were performed to evaluate whether 
the results of tests with the updated seat assembly 
were significantly different than the results of tests 
with the current FMVSS No. 213 seat assembly.  
 
The FMVSS No. 213 performance measures for each 
CRS tested on the two seat assemblies are shown in 
Figures 6 through 13.  
 
Rear-Facing CRSs: When test results from the two 
seat assemblies are compared, rear-facing CRSs 
(including infant seats and convertible seats) tested 
on the updated seat assembly and with the 12 MO 
CRABI dummy, showed an average HIC increase of 
12% (ranging from -14% to 39%), an average chest 
acceleration decrease of 8% (ranging from -22% to 
1%), and a 2% average reduction in seat back angle 
rotation (ranging from -23 to 25%).  Paired T-tests 
indicated at a 95 percent confidence level that the 
HIC, chest acceleration, and seat back angle values in 
tests with the updated seat assembly were not 
significantly different from those with the current 
FMVSS No. 213 seat assembly.   
 
Forward-Facing Convertible CRSs: Using similar 
analysis approach, forward-facing CRSs tested with 
the HIII-3YO dummy showed an average HIC 
decrease of 14% (ranging from -26% to -1%), an 
average chest acceleration decrease of 4% (ranging 
from -22% to 15%), an average head excursion 
decrease of 5% (ranging from -17% to 7%), and an 
average knee excursion decrease of 3% (ranging from 
-8% to 3%).  Paired T-tests indicated at a 95 percent 
confidence level that the HIC, chest accelerations, 
and head and knee excursion values in tests with the 

updated seat assembly were not significantly 
different from those with the current FMVSS No. 213 
seat assembly.  A paired T-test comparison was not 
possible for tests with the forward facing convertible 
seats tested with the HIII-6YO, as only one paired 
test was available. 
 
BPBs: Similarly, BPBs tested with the HIII-6YO 
dummy showed an average HIC reduction of 14% 
(ranging from -35% to 21%), an 8% average chest 
acceleration increase (ranging from -2% to 16%), a 
12% average head excursion increase (ranging from 
5% to 21%), and a 1% knee excursion decrease 
(ranging from -9% to 9%).  Paired T-tests indicated 
at a 95 percent confidence level that the HIC, chest 
accelerations, and head and knee excursion values in 
tests with the updated seat assembly were not 
significantly different from those for the current 
FMVSS No. 213 seat assembly. 
 
 
 

 
Figure 6.  Comparison of HIC36 Response for 
Tests on Updated Seat Assembly (Blue) and 

Standard FMVSS No. 213 Seat Assembly (Red). 
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Figure 7.  Comparison of 3ms Chest Clip 

Response for Tests on Updated Seat Assembly 
(Blue) and Standard FMVSS No. 213 Seat 

Assembly (Red). 
 

 
Figure 8.  Comparison of Seat Back Angle 

Response for Tests on Updated Seat Assembly 
(Blue) and Standard FMVSS No. 213 Seat 

Assembly (Red). 
 

 
Figure 9.  Comparison of Head Excursion 

Response for Tests on Updated Seat Assembly 
(Blue) and Standard FMVSS No. 213 Seat 

Assembly (Red). 
 
 

 
Figure 10.  Comparison of Knee Excursion 

Response for Tests on Updated Seat Assembly 
(Blue) and Standard FMVSS No. 213 Seat 

Assembly (Red). 
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Occupant Kinematics: Overall, occupant kinematics 
between tests on the different seat assemblies were 
similar and had similar timing, with the forward-most 
position of the dummy occurring around 80 
milliseconds.   
 

 
Figure 11.  Comparison of CRABI 12 MO 

Kinematics in Rear-Facing Infant Seat. 
 

 
Figure 12.  Comparison of HIII 3YO Kinematics 

in Forward-Facing Convertible Seat. 
 

 
Figure 13. Comparison of HIII 6YO Kinematics in 

BPB. 
 

CONCLUSIONS  
A survey of vehicle rear seats guided the design of 
an updated seat assembly for FMVSS No. 213 to 
replicate rear seat geometry, which included the 
anchorage locations and tether locations of the 
vehicle fleet.  One major change in the updated 
seat assembly is the seat foam, which is 
significantly stiffer and thinner than the current 
FMVSS No. 213 specified foam.  This study 
suggests that CRSs in the current market can meet 
the performance requirements of FMVSS No. 213 
when evaluated using the updated seat assembly. 
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Appendix A 

Table A1.  
Testing on Updated FMVSS No. 213 Seat Assembly 

Vehicle 
Database 
Test No. 

Test Date 
VRTC 

Test No. 
Side of 
Bench 

CRS Model ATD Type 
CRS Orientation 
and Installation 

Method 

Seat Foam 
# 

Test Sled 
Pulse 

Test 
Velocity 
(mph) 

V09601 
S150721-

1 
FRUPG2_

56 
Right Graco My Ride 65 HIII 6YO 

FF Convertible 
LATCH 

WB Foam 5 
FMVSS 
No. 213 

Pulse 
30 

V09606 
S150728-

1 
FRUPG2_

65 
Left Chicco Key Fit 30 CRABI 12MO 

RF Infant 
LA Only 

WB Foam 4 
FMVSS 
No. 213 

Pulse 
30 

V09607 
S150729-

1 
FRUPG2_

67_68 

Left Graco SnugRide 30 CRABI 12MO 
RF Infant 
LA Only 

WB Foam 4 FMVSS 
No. 213 

Pulse 
30 

Right Evenflo Chase HIII 6YO 
BPB 

SB3PT 
WB Foam 5 

V09608 
S150730-

1 
FRUPG2_

69 
Left Britax B-Safe 35 CRABI 12MO 

RF Infant 
LA Only 

WB Foam 4 
FMVSS 
No. 213 

Pulse 
30 

V09609 
S150730-

2 
FRUPG2_

72 
Right Graco Turbo Booster HIII 6YO 

BPB 
SB3PT 

WB Foam 5 
FMVSS 
No. 213 

Pulse 
30 

V09610 
S150731-

1 
FRUPG2_

73_74 

Left Evenflo Nurture CRABI 12MO 
RF Infant 
LA Only 

WB Foam 4 FMVSS 
No. 213 

Pulse 
30 

Right Harmony Youth HIII 6YO 
BPB 

SB3PT 
WB Foam 5 

V09613 
S150911-

1 
FRUPG2_

79 
Left Evenflo Tribute CRABI 12MO 

RF Convertible 
SB3PT 

WB Foam 4 
FMVSS 
No. 213 

Pulse 
30 

V09614 
S150915-

1 
FRUPG2_

82 
Right Bubble Bum HIII 6YO 

BPB 
SB3PT 

WB Foam 5 
FMVSS 
No. 213 

Pulse 
30 

V09618 
S150921-

1 
FRUPG2_

89 
Left 

Dorel Alpha Omega 
Elite 

HIII 3YO 
FF Convertible 

LA Only 
WB Foam 4 

FMVSS 
No. 213 

Pulse 
30 

V09620 
S150923-

1 
FRUPG2_

93 
Left Evenflo Tribute HIII 3YO 

FF Convertible 
SB3PT 

WB Foam 4 
FMVSS 
No. 213 

Pulse 
30 
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Appendix B 
Table B1.  

Updated Seat Assembly Test Data 

Vehicle 
Database 
Test No. 

Test Date 
VRTC 

Test No. 
Side of 
Bench 

CRS Model 
CRS 

Orientation 
Installation 

Method 
ATD 
Type 

HIC 
36 

Chest 
Clip 
3ms 
(g) 

Max 
Seat 
Back 
Angle 

(°) 

Head 
Excursion 

(mm) 

Knee 
Excursion 

(mm) 

V09601 S150721-1 
FRUPG2

_56 
Right 

Graco My Ride 
65 

FF 
Convertible 

LATCH 
HIII 
6YO 

463 42.3 N/A 598 721 

V09606 S150728-1 
FRUPG2

_65 
Left 

Chicco Key Fit 
30 

RF Infant LA Only 
CRABI 
12MO 

431 43.6 51 N/A N/A 

V09607 S150729-1 
FRUPG2
_67_68 

Left 
Graco 

SnugRide 30 
RF Infant LA Only 

CRABI 
12MO 

645 47.7 66 N/A N/A 

Right Evenflo Chase BPB SB3PT 
HIII 
6YO 

617 55.8 N/A 579 689 

V09608 S150730-1 
FRUPG2

_69 
Left 

Britax B-Safe 
35 

RF Infant LA Only 
CRABI 
12MO 

598 41.6 64 N/A N/A 

V09609 S150730-2 
FRUPG2

_72 
Right 

Graco Turbo 
Booster 

BPB SB3PT 
HIII 
6YO 

485 45.9 N/A 568 620 

V09610 
S150731-1 

FRUPG2
_73_74 

Right Harmony Youth  BPB SB3PT 
HIII 
6YO 

399 52.8 N/A 483 591 

V09612 Left Evenflo Nurture RF Infant LA Only 
CRABI 
12MO 

721 49.5 62 N/A N/A 

V09613 S150911-1 
FRUPG2

_79 
Left Evenflo Tribute 

RF 
Convertible 

SB3PT 
CRABI 
12MO 

454 44.9 38 N/A N/A 

V09614 S150915-1 
FRUPG2

_82 
Right Bubble Bum BPB SB3PT 

HIII 
6YO 

339 
* 

51.2 N/A 450 591 

V09618 S150921-1 
FRUPG2

_89 
Left 

Dorel Alpha 
Omega Elite 

FF 
Convertible 

LATCH 
HIII 
3YO 

384 47.0 N/A 612 652 

V09620 S150923-1 
FRUPG2

_93 
Left Evenflo Tribute 

FF 
Convertible 

SB3PT 
HIII 
3YO 

453 42.3 N/A 603 664 
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Appendix C 
Table C1.  

Compliance Test Data 

Highway 
Safety 

Number 
Test Number CRS Model 

CRS 
Orientation 

Installation 
Method 

ATD 
Type 

HIC 
36 

Chest 
Clip 
3ms 
(g) 

Max 
Seat 
Back 
Angle 

(°) 

Head 
Excursion 

(mm) 

Knee 
Excursion 

(mm) 

644215 
213-MGA-15-

002 
Britax B-Safe 35 RF Infant LA Only 

CRABI 
12MO 

520 53 51 N/A N/A 

644226 
213-MGA-15-

014 
Evenflo Nurture RF Infant LA Only 

CRABI 
12MO 

679 53 61 N/A N/A 

644261 
213-MGA-15-

050 
Graco SnugRide Click 

Connect 30 
RF Infant LA Only 

CRABI 
12MO 

463 52 64 N/A N/A 

644248 
213-MGA-15-

037 
Chicco Key Fit 30 RF Infant LA Only 

CRABI 
12MO 

362 46 57 N/A N/A 

643833 
213-MGA-14-

053 
Evenflo Tribute RF Convertible SB2PT 

CRABI 
12MO 

529 44 50 N/A N/A 

643713 
213-MGA-13-

061 
Graco My Ride 65 FF Convertible LATCH 

HIII 
6YO 

236 55 N/A 526 765 

644281 
213-MGA-15-

074 
Dorel Alpha Omega Elite FF Convertible LATCH 

HIII 
3YO 

387 41 N/A 574 635 

644229 
213-MGA-15-

016 
Evenflo Tribute FF Convertible SB2PT 

HIII 
3YO 

616 54 N/A 726 724 

644266 
213-MGA-15-

056 
Graco Turbo Booster BPB SB3PT 

HIII 
6YO 

599 47 N/A 541 645 

644246 
213-MGA-15-

035 
Harmony Youth  BPB SB3PT 

HIII 
6YO 

614 47 N/A 439 602 

644234 
213-MGA-15-

021 
Evenflo Chase BPB SB3PT 

HIII 
6YO 

510 52 N/A 521 754 

642302 
213-MGA-12-

090 
Bubble Bum BPB SB3PT 

HIII 
6YO 

445 44 N/A 371 541 
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ABSTRACT 

The Pedestrian Safety Enhancement Act of 2010 requires the National Highway Traffic Safety 

Administration (NHTSA) to establish a Federal Motor Vehicle Safety Standard (FMVSS 141) mandating minimum 

sound requirements for electric vehicles (EVs), and hybrid electric vehicles (HEVs). As part of FMVSS 141 

development, NHTSA needed to select one sound analysis code (a software program) for sound data processing so 

that methods used to evaluate vehicle sounds for compliance testing or other purposes would be consistent.  Two 

candidate sound analysis codes, the B&K Code and the Volpe Code, have been used by NHTSA.  This paper 

documents NHTSA’s selection of one of these two for its future use.   

Criteria for selecting a sound analysis code were that the code: (1) must give correct results for 

mathematically-generated test cases, (2) must meet all filter requirements for one-third octave band Class 1 filters 

contained in ANSI S1.11-2004: Specification of Octave, Half-Octave, and Third-Octave Band Filter Sets, [1], and 

(3) could be made available outside the Federal government to allow others to perform sound data analyses using 

NHTSA’s software.   

The B&K and Volpe Codes both did an excellent job of calculating one-third octave band levels when pure 

tones were input.  Both sound analysis codes correctly performed A-weighting.  When a composite signal consisting 

of superimposed pure tones, one at the mid-band frequency of each of 13 one-third octave bands, was input, 

calculated levels exceeded input amplitudes by a small but acceptable amount. 

The one-third octave band filters used by the B&K Code did not fully comply with one-third octave band 

Class 1 filter specifications contained in ANSI S1.11-2004.  S1.11-2004 specifies that Class 1 filters asymptote to an 

attenuation of 70 dB for both high and low frequencies.  For low frequencies, the B&K Code is asymptotic to 

between 55- and 60-dB attenuation for all one-third octave bands.  For some one-third octave bands, there was also a 

region above the specified one-third octave pass band but below the high frequency region that also did not meet 

S1.11-2004 specifications.  The Volpe Code filters complied with all S1.11-2004 Class 1 filter specifications for all 

one-third octave bands.  For this, and other reasons, the Volpe code has been selected for future NHTSA analyses of 

vehicle-emitted sound. 

Additional details about this research are contained in the NHTSA Technical Report “Selecting a Sound 

Analysis Code for use with NHTSA Test Procedures to Characterize Vehicle Sounds,” [2]. 
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BACKGROUND AND OBJECTIVES 

As directed by Pedestrian Safety 

Enhancement Act of 2010, NHTSA established 

FMVSS 141 setting minimum sound requirements 

for EVs, and HEVs.  (In addition to EVs and HEVs, 

FMVSS 141 also applies to low speed electric 

vehicles (LSVs).)  The sounds required by FMVSS 

141 are ones that pedestrians should be able to hear 

in a range of ambient environments and contain 

acoustic signal content that pedestrians should 

recognize as being emitted from a vehicle.  FMVSS 

141 will ensure that visually-impaired and other 

pedestrians can detect and recognize nearby HEVs, 

EVs, and LSVs by hearing those vehicles. 

As part of its effort to develop a FMVSS 

141 compliance test procedure, NHTSA measured 

and characterized sounds emitted by a selection of 

existing vehicles.  NHTSA measured sounds 

produced by vehicles using a slightly modified 

version of the test methodology contained in the 

September 2011 version of SAE Surface Vehicle 

Recommended Practice J2889-1, “Measurement of 

Minimum Noise Emitted by Road Vehicles” [3]. 

After the measured vehicle sound data was 

recorded, each sound file was analyzed using a sound 

analysis code (a software program to process 

measured sound data).  A sound analysis code 

calculates such quantities as Overall Sound Pressure 

Level (SPL) as a function of time, the Maximum and 

Minimum Overall SPLs during a test, one-third 

octave band levels as a function of time for each one-

third octave band of interest, and the maximum and 

minimum one-third octave band levels during a test 

from sound data.  NHTSA uses the output of a sound 

analysis code to characterize the sounds produced by 

a vehicle during a test and to determine if a vehicle 

complies with minimum requirements. 

Two sound analysis codes1, Brüel & Kjær’s 

PULSE Reflex software (the “B&K Code”) and a 

code developed by the Volpe National Transportation 

Systems Center (the “Volpe Code”) have been used 

by NHTSA to analyze vehicle sound data.  Sound 

data recorded during some test runs was analyzed 

using both the B&K Code and the Volpe Code.  

Analysts examining results from these runs noted that 

there were slightly different overall SPLs and one-

third octave band levels for the exact same recorded 

sound data depending upon the sound analysis code 

used.  While the differences that were seen were not 

large, they were not acceptable for a prospective 

NHTSA compliance test.     

To resolve discrepancies in results from the 

B&K Code versus the Volpe Code, NHTSA 

undertook the work described in this paper.  The 

objective of this research was to select one sound 

analysis code that NHTSA would use to process and 

analyze future vehicle sound data.  Selection criteria 

for choosing one sound analysis code were:     

• Must generate correct results for mathematically-

generated test cases. 

• Must meet all filter requirements for one-third 

octave band Class 1 filters that are contained in 

ANSI S1.11-2004 over the entire range of 

frequencies. 

                                                           
 
1 Although NHTSA has not used them, there are 
other commercially-available sound analysis codes.  
The goal of this research was not to examine every 
available sound analysis code; instead, it was to 
examine the two sound analysis codes NHTSA had 
previous experience with and select one for future 
NHTSA use. 
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• Could be made available to other individuals or 

organizations that wish to perform sound data 

analysis using the same software used by 

NHTSA. 

One-Third Octave Bands of Interest to NHTSA 

NHTSA is focusing its FMVSS 141 

compliance testing on 13 one-third octave bands 

having nominal mid-band frequencies ranging from 

315 to 5,000 Hz.  Additional details about these one-

third octave bands can be found in ANSI S1.11-2004. 

DESCRIPTION OF THE B&K AND VOLPE 

SOUND ANALYSIS CODES 

The purpose of a sound analysis code, from 

a NHTSA perspective, is to process measured sound 

data to calculate Overall SPL and sound levels in the 

13 one-third octave bands of interest to NHTSA.  For 

vehicle pass-by testing or stationary vehicle sounds, 

the maximums during the test of these values are 

determined.  For analysis of ambient sounds, 

minimums of these values are determined. 

The B&K sound analysis code is 

commercially-available software licensed from Brüel 

& Kjær.  The B&K Code performs A-weighting, 

exponential averaging, and filtering while processing 

sound recordings to obtain Overall SPL and the 13 

one-third octave band sound levels. 

The Volpe Code was developed for the 

United States Government by the Volpe National 

Transportation Systems Center.  Since this sound 

analysis code is the property of the United States 

Government, it can be shared with interested parties. 

The Volpe Code performs A-weighting, exponential 

averaging, and filtering while processing sound 

recordings to obtain Overall SPL and the 13 one-third 

octave band sound levels. 

TEST CASES FOR VALIDITY CHECKING 

Both sound analysis codes were tested to 

ensure that they provide correct results.  This was 

done through Test Cases.  Test Cases were computer-

generated sound pressure data files developed to test 

specific aspects of sound analysis codes.  They were 

not generated through vehicle testing; they were 

completely artificial simulations.  Once Test Cases 

had been developed, they were processed using both 

sound analysis codes. 

The Test Cases NHTSA developed were 

sound pressure data files for which outputs expected 

from sound analysis codes were known in advance.   

To ensure that expected results from Test Cases were 

known a priori, very simple sound pressure functions 

(pure tones) were used.  Test Case sound data files do 

not have the complexity of actual, measured, sound 

data; this is what makes it possible to determine a 

priori what the correct output from the analysis code 

should be. 

Test Case 1:  Single Frequency, Constant-
Amplitude, Pure Tones 

For Test Case 1, the pressure associated with 

a sound as a function of time was given by a single, 

constant-amplitude, constant-frequency, sine wave 

(i.e., a pure tone).  Both the constant-amplitude and 

the constant-frequency were varied from test run to 

test run.  Two constant-amplitudes, 40- and 60-dB, 

which are typical of sounds made by vehicles, were 

used. 

The pure tones for Test Case 1 were 

generated at 201 individual frequencies every 1/8th of 

a one-third octave band (i.e., every 1/24th of a full 

octave) over the covered frequency range. The 

covered frequency range was approximately 70 Hz to 

22,300 Hz. This frequency range encompasses an 
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additional six one-third octave bands on either side of 

the 13 one-third octave bands of interest to NHTSA. 

This range was chosen to ensure a full profile of how 

each code responds to known inputs.  

The following aspects of sound analysis 

code correctness were checked using Test Case 1: 

• Correctness of calculated amplitudes, when A-

weighting was not applied, for pure tones at 

frequencies corresponding to the exact mid-band 

of each of 13 one-third octave bands. 

• Correctness of calculated amplitudes, when A-

weighting was applied, for pure tones at 

frequencies corresponding to the exact mid-band 

of each of 13 one-third octave bands. 

• The band-pass filters that split frequency 

weighted sound pressure level data into 13 one-

third octave bands.  NHTSA requires these band-

pass filters to meet all filter requirements for 

Class 1 one-third octave band filters contained in 

ANSI S1.11-2004. 

Test Case 2:  Multiple Frequency, Constant-
Amplitude, Pure Tones 

For Test Case 2, the sound pressures from 

13 pure tones were superimposed to form one sound 

pressure signal.  These 13 pure tones were at the 

exact mid-band frequencies of each one-third octave 

band. 

Only two variations were developed for Test 

Case 2.  The first had a 40-dB pure tone at the exact 

mid-band frequency of each of the 13 one-third 

octave bands (giving an Overall SPL of 51.1394 dB).  

The second had a 60-dB pure tone at the exact mid-

band frequency of each of the 13 one-third octave 

bands (giving an Overall SPL of 71.1394 dB). 

The following aspects of sound analysis 

code correctness were checked using Test Case 2 

data files: 

• Correctness of calculated amplitudes, when A-

weighting was not applied, for a multi-tone sound 

waveform. 

• Correctness of calculated amplitudes, when A-

weighting was applied, for a multi-tone sound 

waveform. 

CORRECTNESS OF AMPLITUDES 

Using a Single Pure Tone without A-Weighting 

The first test for both sound analysis codes 

was correctness of their calculated one-third octave 

band levels for individual pure tones when A-

weighting was not applied.  This was accomplished 

by running 26 variations of Test Case 1, comprising 

two amplitudes (40-dB and 60-dB input signals) for 

each of 13 pure-tone frequencies, one at the exact 

mid-band frequency of each one-third octave band 

with A-weighting disabled. 

To match the specifications of Table B1, 

“Limits on Relative Attenuation for One-Third 

Octave Band Filters,” in ANSI S1.11-2004, for Class 

1 filters, each calculated one-third octave band level, 

at the exact mid-band frequency of each 13 one-third 

octave bands must match the nominal input level 

within a tolerance of ±0.30 dB. 

As shown by Table 1, for both sound 

analysis codes, for both amplitudes of input signals, 

and for all 13 one-third octave bands, the calculated 

levels were within ±0.01 dB of the input amplitude.  

This was well within the ±0.30 dB tolerance 

permitted by ANSI S1.11-2004. 

Using Multiple Tones without A-Weighting 

The next thing checked was correctness of 

calculated amplitudes for the multi-tone sound input 

of Test Case 2.  For Test Case 2, sound pressures 

from 13 pure tones were superimposed to form one 
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sound pressure signal.  Only two test runs were made 

using Test Case 2.  The first had a 40-dB pure tone at 

the exact mid-band frequency of each one-third 

octave band.  The second had a 60-dB pure tone at 

the exact mid-band frequency of each one-third 

octave band.  Table 2 summarizes Test Case 2 

results. 

For the B&K Code, for both amplitudes of 

input signals, and for all 13 one-third octave bands of 

interest to NHTSA, calculated band levels were 

within (+0.04, +0.08) dB of input amplitude.  For the 

Volpe Code, calculated band levels were within 

(+0.06, +0.13) dB of input amplitude. 

Calculated band levels for Test Case 2 

always exceeded the input amplitudes by a small 

amount (up to 0.13 dB).  This was as expected since 

ANSI S1.11-2004 does not require, and neither the 

B&K Code nor the Volpe Code have, infinitely fast 

filter roll-offs at the edges of one-third octave bands.  

Due to finite filter roll-offs, a small amount of energy 

leaks through into each one-third octave band from 

other, nearby one-third octave bands.  The 315 Hz 

and 5,000 Hz one-third octave bands have calculated 

band levels that are closer to the input amplitude than 

the other 11 bands.  This was because, for these two 

bands, there were only bands containing acoustic 

energy on one side and not on both sides as was the 

case for the other 11 bands.  Although ANSI S1.11-

2004 does not apply to composites of pure tones, the 

composite multi-tone results were within the 

permitted ±0.30 dB pure tone tolerance. 

Comparison of 40-dB and 60-dB Input Amplitude 
Results 

Both for individual pure tones and more 

complex, 13 superimposed pure tones, no differences 

were seen between the 40-dB and 60-dB input 

amplitude results. Therefore, to reduce the number of 

analyses that had to be performed, the remainder of 

this paper will be based only on results from 40-dB 

input amplitude test cases. 

Using a Single Pure Tone with A-Weighting  

The correctness of calculated amplitudes 

when A-weighting was applied was checked for both 

sound codes both when a single pure tone was input 

(Test Case 1) and when a composite signal composed 

of multiple pure tones was input (Test Case 2). 

To check correctness of A-weighting when a 

single pure tone was input, 13 Test Case 1 runs were 

made.  A single 40-dB amplitude pure tone was input 

at the exact mid-band frequency of each of 13 one-

third octave bands. 

Table 3 shows calculated, A-weighted, band 

levels and the effects of A-weighting for both sound 

analysis codes for all 13 one-third octave bands.  

Table 3 also shows the theoretical effects of applying 

A-weighting.  For both the B&K and Volpe Codes, 

the actual effects of A-weighting were very close to 

the theoretical effects.  For the B&K Code, there was 

a maximum difference between the actual and 

theoretical effects of A-weighting of 0.05 dB at 5,000 

Hz.  For the Volpe Code, there was a maximum 

difference between the actual and theoretical effects 

of A-weighting of 0.05 dB at 4,000 Hz. 

Using Multiple Tones with A-Weighting  

To check the correctness of A-weighting 

when multiple pure tones were simultaneously input, 

one Test Case 2 run was made.  Multiple 40-dB 

amplitude pure tones were input at the exact mid-

band frequency of each of 13 one-third octave bands. 

The Table 4 shows calculated band levels 

after applying A-weighting and differences due to A-

weighting for both sound analysis codes for all 13 
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one-third octave bands.  For both the B&K and Volpe 

Codes, the actual effects of A-weighting were very 

close to the theoretical effects.  For the B&K Code, 

there was a maximum difference between the actual 

and theoretical effects of A-weighting of 0.05 dB at 

5,000 Hz.  For the Volpe Code, there was a 

maximum difference between actual and theoretical 

effects of A-weighting of 0.05 dB at 4,000 Hz. 

 
COMPARISONS TO ANSI S1.11-204 CLASS 1 

FILTER SPECIFICATIONS 

SAE J2889-1, specifies that “the 

corresponding 1/3 octave results per ANSI S1.11, 

Class 1”2 shall be reported.  ANSI S1.11-2004: 

“Specification of Octave, Half-Octave, and Third-

Octave Band Filter Sets,” contains specifications for 

Class 1 filters.  For its work, NHTSA is using the 

base-ten system for calculating frequencies.  The 

base-ten system has been chosen because ANSI 

S1.11-2004 states that while the base-two system for 

determining frequencies is acceptable, the “base-ten 

system is preferred.”3 

In the figure that follows, linear 

interpolation between data points in ANSI S.1.11-204 

were used to develop the Minimum and Maximum 

Attenuation Limit lines shown. 

All 201 Test Case 1 single-frequency, 

constant (40-dB) amplitude pure tones were 

processed using both sound analysis codes.  A-

weighting was not used for these runs.  Results were 

used to check correctness of filters used by the B&K 

and Volpe Codes to calculate one-third octave bands. 

Figure 1 shows performance of the B&K 

Code’s and Volpe Code’s filters for a typical one-

                                                           
 
2 Quote from SAE J2889-1. 
3 Quote from Section 3.2 of ANSI S1.11-2004.  

third octave band, the 1,000 Hz band, over the entire 

frequency range from 80 to 20,000 Hz.  For a filter to 

comply with the ANSI S1.11-2004 Class 1 filter 

specifications, its attenuation must fall between the 

“Minimum Attenuation Limit” and the “Maximum 

Attenuation Limit” curves over the entire frequency 

range. 

As shown by Figure 1, the filters used by the 

B&K Code did not comply with Class 1 filter 

specifications contained in ANSI S1.11-2004 over 

the entire frequency range.  Note:  In documentation 

for the B&K Code, B&K does not claim that their 

filters meet the Class 1 filter specifications contained 

in ANSI S1.11-2004.  B&K states “Fulfills ICE225-

1966, DIN45651, and ANSI S1.11-1986, Order 3, 

Type 1-D” filter specifications. 

For frequencies around the pass band, the 

B&K Code filters complied with the Class 1 filter 

specifications contained in ANSI S1.11-2004.  For 

low frequencies, the B&K Code filters were 

asymptotic to an attenuation of 55- to 60-dB while 

ANSI S1.11-2004 Class 1 specifications require an 

asymptotic attenuation of at least 70 dB.  The B&K 

Code filters were closer to ANSI S1.11-2004 Class 1 

filter specifications in frequencies substantially above 

the pass band.  The asymptotic behavior of the B&K 

Code filters for high frequencies met the ANSI 

S1.11-2004 Class 1 filter specified attenuation of 70 

dB.  However, for the 1,600 Hz and lower frequency 

one-third octave bands, there is a mid-frequency 

region between the pass band and the high frequency 

range for which B&K Code filters did not meet ANSI 

S1.11-2004 filter specifications. 

The filters used by the Volpe Code complied 

with Class 1 filter specifications contained in ANSI 

S1.11-2004.  For frequencies around the pass band, 

the Volpe Code filters fully comply with pass band 
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Class 1 filter specifications contained in ANSI S1.11-

2004 for all 13 one-third octave bands.  For 

frequencies substantially above or below the pass 

band, its attenuations substantially exceeded the 

minimum 70 dB filter attenuation specified in ANSI 

S1.11-2004. 

 

CONCLUSIONS 

Both the B&K and Volpe Codes did an 

excellent job of calculating one-third octave band 

levels when one or more pure tones were input at the 

exact mid-band frequencies of the 13 one-third 

octave bands.  Calculated band levels were well 

within the ±0.30 dB tolerance permitted by ANSI 

S1.11-2004. 

A-weighting is correctly performed by both 

the B&K and Volpe Codes. 

One of the objectives of this work was to 

select one sound analysis code that met all of the 

filter requirements for one-third octave band Class 1 

filters that are contained in the standard ANSI S1.11-

2004 for future use by NHTSA.  The one-third octave 

band filters used by the B&K Code did not fully 

comply with one-third octave band Class 1 filter 

specifications contained in ANSI S1.11-2004.  The 

Volpe Code filters complied with all S1.11-2004 

Class 1 filter specifications for all one-third octave 

bands.  For this, and other reasons, the Volpe code 

has been selected for future NHTSA analyses of 

vehicle-emitted sound. 

NHTSA will be making an executable image 

(so that parties without a MATLAB license can still 

run the Volpe Code if they wish) of the Volpe Code 

available to interested parties.  The Volpe National 

Transportation Systems Center is currently adding an 

easy-to-use graphical user interface to the Volpe 

Code.  The Volpe Code with the graphical user 

interface will not only calculate overall sound 

pressure levels and one-third octave band levels for a 

set of measured vehicle sound data but will also 

determine whether the vehicle complies with the 

sound requirements contained in the final version of 

FMVSS 141.  When completed and tested, this 

software will either be placed in the appropriate 

docket at www.regulations.gov and/or made 

accessible on the NHTSA website.  
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Table 1: Calculated Band Levels for 40- and 60-dB Input Signals without A-Weighting for Test Case 1 
Nominal One-
Third Octave 

Midband 
Frequency 

(Hz) 

40-dB Input Signal 60-dB Input Signal 
B&K Code Volpe Code B&K Code Volpe Code 

Calculated 
Band Level 

(dB) 

Difference 
from 40-dB 

(dB) 

Calculated 
Band Level 

(dB) 

Difference 
from 40-dB 

(dB) 

Calculated 
Band Level 

(dB) 

Difference 
from 40-dB 

(dB) 

Calculated 
Band Level 

(dB) 

Difference 
from 40-dB 

(dB) 

315 40.01 +0.01 40.01 +0.01 60.01 +0.01 60.01 +0.01 
400 40.01 +0.01 40.01 +0.01 60.01 +0.01 60.01 +0.01 
500 40.00 0.00 40.00 0.00 60.00 0.00 60.00 0.00 
630 40.00 0.00 40.00 0.00 60.00 0.00 60.00 0.00 
800 40.00 0.00 40.00 0.00 60.00 0.00 60.00 0.00 

1,000 39.99 -0.01 40.00 0.00 59.99 -0.01 60.00 0.00 
1,250 40.00 0.00 40.00 0.00 60.00 0.00 60.00 0.00 
1,600 40.00 0.00 40.00 0.00 60.00 0.00 60.00 0.00 
2,000 40.00 0.00 40.00 0.00 60.00 0.00 60.00 0.00 
2,500 39.99 -0.01 40.00 0.00 59.99 -0.01 60.00 0.00 
3,150 40.00 0.00 40.00 0.00 60.00 0.00 60.00 0.00 
4,000 40.01 +0.01 40.00 0.00 60.01 +0.01 60.00 0.00 
5,000 40.01 +0.01 40.00 0.00 60.01 +0.01 60.00 0.00 

 

Table 2: Calculated Band Levels for 40- and 60-dB Input Signals without A-Weighting for Test Case 2 
Nominal One-
Third Octave 

Midband 
Frequency 

(Hz) 

40-dB Input Signal 60-dB Input Signal 
B&K Code Volpe Code B&K Code Volpe Code 

Calculated 
Band Level 

(dB) 

Difference 
from 40-dB 

(dB) 

Calculated 
Band Level 

(dB) 

Difference 
from 40-dB 

(dB) 

Calculated 
Band Level 

(dB) 

Difference 
from 40-dB 

(dB) 

Calculated 
Band Level 

(dB) 

Difference 
from 40-dB 

(dB) 

315 40.04 +0.04 40.06 +0.06 60.04 +0.04 60.06 +0.06 
400 40.07 +0.07 40.11 +0.11 60.07 +0.07 60.11 +0.11 
500 40.07 +0.07 40.13 +0.13 60.07 +0.07 60.13 +0.13 
630 40.06 +0.06 40.13 +0.13 60.06 +0.06 60.13 +0.13 
800 40.06 +0.06 40.13 +0.13 60.06 +0.06 60.13 +0.13 

1,000 40.05 +0.05 40.13 +0.13 60.05 +0.05 60.13 +0.13 
1,250 40.05 +0.05 40.13 +0.13 60.05 +0.05 60.13 +0.13 
1,600 40.07 +0.07 40.12 +0.12 60.07 +0.07 60.12 +0.12 
2,000 40.07 +0.07 40.12 +0.12 60.07 +0.07 60.12 +0.12 
2,500 40.05 +0.05 40.13 +0.13 60.05 +0.05 60.13 +0.13 
3,150 40.06 +0.06 40.13 +0.13 60.06 +0.06 60.13 +0.13 
4,000 40.08 +0.08 40.12 +0.12 60.08 +0.08 60.12 +0.12 
5,000 40.04 +0.04 40.06 +0.06 60.04 +0.04 60.06 +0.06 
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Table 3:  A-Weighted Calculated Band Levels for 40-dB Input Signals for Test Case 1 

Nominal One-Third 
Octave Midband 

Frequency 
(Hz) 

Exact A-
Weighting 
Correction 

(dB) 

B & K Code Volpe Code 
Calculated 
Band Level 

(dB) 

A-weighting 
Effect 
(dB) 

Calculated 
Band Level 

(dB) 

A-Weighting 
Effect 
 (dB) 

315 -6.60 33.40 -6.60 33.40 -6.61 
400 -4.80 35.20 -4.80 35.20 -4.81 
500 -3.20 36.78 -3.23 36.77 -3.23 
630 -1.90 38.10 -1.90 38.10 -1.90 
800 -0.80 39.17 -0.82 39.18 -0.82 

1,000 0.00 39.99 0.00 40.00 0.00 
1,250 0.60 40.59 0.59 40.59 0.59 
1,600 1.00 40.98 0.98 40.98 0.98 
2,000 1.20 41.20 1.20 41.20 1.20 
2,500 1.30 41.26 1.27 41.27 1.27 
3,150 1.20 41.19 1.20 41.19 1.19 
4,000 1.00 40.98 0.97 40.95 0.95 
5,000 0.50 40.55 0.55 40.50 0.50 

 

Table 4:  A-Weighted Calculated Band Levels for 40-dB Input Signals for Test Case 2 
Nominal One-Third 

Octave Midband 
Frequency 

 (Hz) 

Exact A-
Weighting 
Correction 

(dB) 

B & K Code Volpe Code 
Calculated 
Band Level 

(dB) 

Effect of A-
weighting 

(dB) 

Calculated 
Band Level 

(dB) 

Effect of A-
weighting 

 (dB) 
315 -6.60 33.45 -6.59 33.47 -6.59 
400 -4.80 35.27 -4.80 35.34 -4.77 
500 -3.20 36.84 -3.23 36.91 -3.22 
630 -1.90 38.16 -1.90 38.23 -1.90 
800 -0.80 39.24 -0.82 39.30 -0.83 

1,000 0.00 40.06 0.00 40.13 0.00 
1,250 0.60 40.65 0.59 40.72 0.60 
1,600 1.00 41.05 0.98 41.11 0.99 
2,000 1.20 41.27 1.20 41.32 1.20 
2,500 1.30 41.32 1.27 41.40 1.27 
3,150 1.20 41.26 1.20 41.32 1.19 
4,000 1.00 41.04 0.97 41.08 0.95 
5,000 0.50 40.59 0.55 40.58 0.51 
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Figure 1:  Filter Performance for the 1,000 Hz One-Third Octave Band 
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ABSTRACT 
 

Composite materials provide an avenue to achieve weight savings in structural automotive components 
due to their low density, high structural performance, and excellent energy absorption during impact. 
However, many challenges exist in implementing composites in automotive applications, including 
manufacturing throughput, part quality, part cost and the relative immaturity of prediction capabilities 
during the design phase. The latter, in particular, can limit weight savings and increase cost by requiring 
overdesigned components and a reliance on extensive physical validation testing. 

The Validation of Material Models for Crash of Carbon Fiber Composites project is a four-year 
Cooperative Agreement project between the U.S. Automotive Materials Partnership (USAMP) and the 
US Department of Energy (DOE). The primary objective is to validate and assess the ability of physics- 
based material models to predict crash performance of automotive primary load-carrying carbon fiber 
composite structures. Models evaluated include Automotive Composites Consortium/USAMP- 
developed models from the University of Michigan (UM) and Northwestern University (NWU), as well as 
four major commercial crash codes: LS-DYNA, RADIOSS, VPS (PAM-CRASH), and Abaqus. Predictions are 
compared with experimental results from quasi-static testing and dynamic crash testing of a lightweight 
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carbon fiber composite front-bumper and crush-can (FBCC) system which was selected for 
demonstration via design, analysis, fabrication, and crash testing. Performance targets and the physical 
design space for the composite FBCC system were derived from physical testing and virtual simulation  
of a surrogate steel FBCC. This paper will discuss the results from experimental testing and CAE 
predictions as well as the sources of gaps between them. Special focus will be placed on how these 
results can  be  used for  design considerations of  carbon fiber  composite  energy  absorption  systems. 
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1. Background 

The objective of this four-year, $7 million U.S. 
DOE and USAMP Cooperative Agreement 
project is to validate and assess the ability of 
physics-based material models to predict crash 
performance of automotive primary load- 
carrying carbon fiber composite structures.[1]

 

The usage of composites in the automotive 
industry is widely known, but to realize the 
effective performance of these composite 
structures under various load conditions 
potentially requires many crash tests. To avoid 
expensive trials, computer-aided engineering 
(CAE) simulations are used to reduce the 
number of trial and error procedures in 
developing a product. 

Models evaluated include Automotive 
Composites Consortium / USAMP-developed 
models from the University of Michigan (UM) 
and Northwestern University (NWU), as well as 
more standard models from four major 
commercial crash simulation codes: LS-DYNA, 
RADIOSS, VPS (formerly called PAM-CRASH), 
and Abaqus. In this paper, will be compared 
results obtained with the state-of-the-art model 
used in VPS and the first implementation in VPS 
of the USAMP developed models. 

Predictions are presently being compared to 
experimental results from quasi-static testing 
and dynamic crash testing of a lightweight 
carbon fiber composite Front-Bumper and 
Crush-Can (FBCC) system which was  selected 
for demonstration via design, analysis, 
fabrication, and crash testing. 

In the past, many researchers have 
worked on developing numerical models that 
predicts progressive damage and failure in fiber 
reinforced laminates [Ref 2, 7-8]. In this paper, 
such commercially available models were used 
with an attempt to design a composite FBCC 
within the steel packaging space that is mass 
producible, production feasible, predictable as 
steel with equivalent energy absorption to a 
steel FBCC. 

The first step in developing the composite FBCC 
was to establish design targets based on a steel 
FBCC system. The existing steel FBCC was 
initially simulated under various crash loads to 
generate target energy absorption 
requirements. The steel FBCC simulations from 
CAE codes correlated reasonably well with 
experiments. Once the design targets were set 
for an equivalent composite FBCC, an iterative 
process via simulations was executed to 
optimize the composite design to fit within the 
set design space. Multiple iterations were 
conducted to optimize the shape of the 
components, evaluate competing 
manufacturing processes, type of material, 
layup sequence, attachment methods, etc. 
Firstly commercially available material models 
selected for crash analysis were validated 
against simple tension, compression and shear 
properties. Then additional tests were required 
to address the unique characterization 
requirements of Waas Pineda material model 
introduced in the project by University of 
Michigan and Northwestern University,  and 
now available in VPS. 

While two different materials (unidirectional 
(UD) and woven) laminates were tested and 
simulated, only woven composites were 
selected by the USAMP team for the design of 
the   composite   FBCC.   Following   coupon and 
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component level validations using hat section 
geometries, a full FBCC crash analysis under 6 
different load conditions was executed. Key 
metrics being used to compare CAE to tests 
include: force versus deflection response, 
average crush force, crush distance,  
acceleration versus time response, and 
displacement versus time response and 
composite failure mechanisms. 

The design also had a weight save  
target of >30 percent less than the steel FBCC. 
Unlike a steel assembly, the attachment of 
composite crush-cans to composite bumper 
cannot be performed via traditional welding or 
riveting techniques, and required a unique 
joining strategy to implement localized bonding 
on critical interfaces. A novel, patent-pending 
strategy was adopted to mold SMC  backing 
plate material onto the rear end of crush-cans  
in order to effectively attach the full  FBCC to 
the crash sled utilizing bolts. This paper 
describes the process for establishing design 
targets for the composite FBCC, achieving a 
manufacturable design of composite FBCC and 
developing predictions using VPS code. 

2. Design Targets 

models. A series of high speed and low speed 
impact simulations were carried out in VPS as 
shown in Table 2. 

Table 3 illustrates the key design targets for 
composite FBCC as derived from Steel FBCC 
predictions, which were collaboratively 
established by the VMM Project Design/CAE 
Team, comprised of a  multi-disciplinary 
technical staff, in order to leverage critical 
mechanics, materials, processing, joining and 
NDE expertise amongst OEMs, suppliers and 
academics. 

 

Figure 1. Steel FBCC Components 

 

 
Table 1. Material Properties of Steel FBCC 

Components 

(* Plastic material properties) 

 

The selected baseline steel FBCC  design 
donated by Ford shown in Figure 1 was 
simulated under various load conditions (4 high 
speed and 2 low speed) using four different 
commercial codes i.e., (VPS, LS-DYNA, RADIOSS 
and Abaqus). The material data for different 
steel sub-components was supplied by Ford and 
is highlighted in Table 1. VPS MAT 103 Elastic- 
Plastic Iterative Hill was used for all deformable 
steel components. The provided  plastic 
behavior for bumper and crush-can is shown in 
Figure 2 and 3. Strain rate dependency was only 
modeled for crush-cans, Figure 3. Material and 
spot  weld  failure  were  not  considered  in the 

 
 
 
 
 
 
 
 

Figure 2. True Stress- 
Strain for Steel 

Bumper 

 
 

 

Figure 3. Rate 
Dependent True 

Stress-Strain Curve for 
Crush-Cans 
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Table 2. High Speed and Low Speed Test 
Conditions for Steel FBCC 

 

 
 
 

Table 3. Design Targets for Composite FBCC 
Design 

 

 

3. Design of Composite FBCC 

Over twenty conceptual designs were discussed 
for the composite front bumper and crush-can 
system along with material systems and 
manufacturing processes during the  initial 
phase of the project. A final design for 
composite FBCC was selected as shown in  
Figure 4. The design consists of a C-Channel 
bumper beam section with chopped carbon 
fiber SMC ribs (to retain rigidity) and a two- 
piece crush-can with embedded SMC base. To 
ease NDE (Non-Destructive Evaluation) 
inspection, crush-cans with flat facets (instead 
of round or conical shape) were chosen. 

The materials and processing systems (MPS) 
team selected “compression molding” as a 
primary method to mold composite FBCC 
components, after initially examining 
thermoforming and pultrusion for uniform 
crush-can cross-sections. The key consideration 
was that compression molded parts can be 
produced at a high rate which is one of the key 

requirements for mass applications of 
composites in the U.S. automotive industry. 

Several details were considered in the design of 
the FBCC. One key design iteration for the 
bumper involved the design of the front  
bumper flanges, as shown in Figures 5-6. It is 
expected that a bumper will tend to first bend 
backward and then flex back after any frontal 
impact. A simulation study, conducted by ESI, 
concluded that the bumper with flanges 
performed better than without flanges under 
certain load conditions. The reverse curl in the 
bumper flanges (shown in Figure 5) brings the 
neutral axis to approximately the center of the 
cross-section and creates equal strains on the 
front and rear where strain levels are at their 
maximum. 

Another key design iteration for the bumper 
was the inclusion of a compression molded 
back-plate, shown in Figure 6. Simulations 
carried out on FBCC models with back plate 
proved beneficial for concentrated loads such  
as pole impacts. Without a back-plate, the force 
induced by the pole is concentrated locally and 
cause the bumper material to fail (Figure 7) 
before the load is transferred to the crush-cans. 
To avoid such failure, a back plate was modeled 
and bonded to the flanges of the bumper using. 
The predictions show that a bumper with back- 
plate helps distribute the concentrated load 
throughout the Beam (Figure 8). However, the 
additional piece and assembly cost of the back- 
plate, combined with the additional weight led 
the team to decide to not include this piece in 
the final FBCC proposal, as it did not add 
significant value to the objective of correlating 
the material models, although it did improve 
performance. 

SMC ribs (Chopped Carbon Fiber) co-molded 
inside the C-channel bumper were designed to 
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increase flexural rigidity of the bumper and 
avoid opening of the bumper during crash  
loads. The SMC ribs were also used to position 
and constrain the two crush-cans in an adhesive 
joint with the bumper (as shown in Figure 1). 

Different crush-can shapes and reinforcement 
concepts were considered but a two-piece, 
conical dodecagonal face crush-can design was 
eventually selected, which best balanced 
performance, NDE and  manufacturing 
objectives (Figure 9-10). Flanges on either side 
of each crush-can were designed to provide 
bond interface surfaces. Stand-offs were 
molded into the flanges to maintain a  
consistent bond-line of 1.0 mm thickness, 
shown in Figures 11 and 12. Stand-offs were 
shaped  such  that  the  lower  flange  with  310

 

depressions  will  allow  upper  flange  with  300
 

 

 
 

Figure 4. Composite FBCC Design and Material 
Strategy 

 
 
 

cone to register on the round end. Holes on 
crush-can side flanges (Figures 9 and 10) 
represent rivet locations used to bond  crush- 
can halves in addition to adhesive applied on 
flat surfaces; whereas, holes on rear flange of 
the crush-can represent bolt locations used to 
join the complete FBCC assembly to the back 
rail of the sled. Crush-can halves are molded to 
form circular flanges on the front end which will 
be used as bonding surfaces with the bumper 
beam (Figure 13). A second plane of bonding is 
provided via the SMC rib shown in Figure 14. 
Stand-offs were designed on the external 
surfaces of SMC ribs to facilitate ease of 
bonding. 

Figure 5. Bumper with 
Flanges 

 
 
 
 
 
 
 
 
 

 
Figure 7. Bumper 
without Back-Plate 

 
 
 
 
 
 
 
 
 

 
Figure 9. Can Upper 

Half 

Figure 6. Bumper with 
Back-Plate 

 
 
 

Figure 8. Bumper with 
Back-Plate 

 
 
 

Figure 10. Can Lower 
Half 
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Figure 11. Stand-Off 

on Upper Half 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 13. Front End 

Flange 

 
 
 
 
 
 
 

 
Figure 12. Standoff 
Receiver on Lower 

Half 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Standoffs 
on SMC 

VPS was used to predict the crash performance 
of the composite FBCC under 6 different load 
cases as outlined in Table 2. 

Set up of the model 

The finite element model (FEM) for composite 
parts was developed using 3/4 node shell 
elements. One multilayered shell was used 
where each composite layer is accounted for by 
an integration point through thickness. Figure  
17 shows the FEM. The sled was modeled as a 
rigid body with a point mass of 300 kg at the 
center of gravity. A target element size of 3.0 
mm was imposed to all composite components. 
A friction coefficient value of 0.3 was used 
between the wall and the FBCC assembly. The 
contact force generated between impactor and 
the composite parts was monitored. The total 
simulation time for the 70 milliseconds NCAP 
crash event took about 15 hours to solve using 
VPS 2015.0 on a 12 CPU workstation. 

As shown in Figures 15 and 16, both crush-cans 
and bumper were designed to have at least 25 
mm run-off extension to avoid resin rich areas 
while matching the actual CAD. 

The SMC ribs inside the bumper are constructed 
with 3 and 4 node shell elements. The SMC at 
the rear crush-can was modeled using 8 node 

brick elements. The crush-cans designs consist 
of 12 layers of woven carbon fiber with epoxy 

the   layup  for  the  bumper  is  a   24-layer 
n carbon fiber with epoxy. Table 4 shows 

dual    components    with    laminate 
mation. The number of plies and sequence 
n was based on layer design optimization  
es  in order  to  meet performance  criteria  
r axial loads, by simulation, using standard 
ls (here Ladeveze model) available in VPS 

commercial  code.  Delamination  between  two 
Figure 15. Bumper 

with Extension 
Figure 16. Crush-Can 

with Extension 
adjacent layers was not modeled, as a single 
shell with multi-layers was used to represent 
laminate. In case delamination would occur, the 

4. Finite Element Model single shell approach would have to be 
revisited. 
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Figure 17. FE Model Illustration for NCAP 

 
 
 
 

 
Table 4. Composite Layup/Thickness 

 

 

Adhesive and assembly modeling 

Adhesive bounding has been chosen for 
composite FBCC. It was assumed according to 
data from glue producer that no failure would 
occur in the adhesive bounding and therefore 
no failure was included in the FE models The 
crush-can front section is tied to the bumper 
and  SMC  ribs  (Figure  20-21).  Chopped carbon 

Figure 18. Bolts 
Connecting Crush-Can 

to Sled 
 

Figure 20. Front CAN- 
Bumper Tied Link 

 
 
 

Figure 22. SMC- 
Bumper Node-to-Node 

Connection 

Figure 19. Crush-Can 
Side Flange 

Bonding 
 

Figure 21. CAN-SMC 
Tied Link 

 
 
 

 
Figure 23. SMC-Crush 

Can Tied Link 

fiber SMC ribs are integrally molded into the 
bumper (Figure 22). In FE models, the ribs-to- 
bumper connection was modeled as coincident 
node-to-node connection with no failure 
considered at the interface. Glass fiber SMC 
used at the rear of the crush-can was modeled 
as solid elements and the interface between 
carbon fiber crush-can and glass fiber SMC was 
represented by 1D bar elements with no 
interface failure. 

Material Models and Properties 

A continuous damage mechanics model based 
on Ladeveze model, MAT 131 (*Multi-Layered 
Orthotropic Bi-Phase) in VPS has been used to 
model the progressive damage behavior of 
carbon fiber/epoxy woven composites. The 
material properties and parameters of MAT 131 
are presented in Table 6. 

MAT 131 is a multi-layered composite shell 
element material model with ply types 1 and 7 
used for global ply damage law resp. for 
Unidirectional (UD) and fabrics. As of today,  ply 



Praveen Pasupuleti et al,  Alain Trameçon et al, 2017  

type 7 only allows perpendicular fibers. Ply 
type-1 can also be used to approximate woven 
fabric by stacking two UD layers with 
appropriate fiber angles and distribution of 
mechanical properties (Table 7). For the project, 
Ply Type-1 was used to represent Woven fabric 
composites. 

Ply model TYPE-1 is based on research by P. 
Ladevèze and E. Ledantec (Ref. [1]) and is 
modified to include transverse shear by A. 
Hurez. It corresponds to a homogenized, global 
description of the fiber and matrix phases. The 
fiber phase uses a strain-energy based failure 
criteria for tension and compression. Non-linear 
(elastic) behavior is possible in compression and 
is often necessary to account for micro-buckling 
effects in compression. The shear behavior uses 
a coupled damage and plasticity model that 
accounts for modulus reduction and permanent 
plastic deformations. 

Further details on the MAT 131 model can be 
found in the MAT 131 of VPS User Manual [3]. 
MAT 105 (* Elastic-Plastic ITR with ISO Damage) 
was used to define SMC chopped carbon fibers 
for ribs in the bumper with properties shown in 
Table 8. MAT 01 (*Elastic-Plastic Solid) was used 
to define SMC chopped fibers located at the 
rear of Crush-Can with properties as illustrated 
in Table 9. 

Table 5. Elastic Properties of Steel 
 

 

Table 6. Material Properties and Parameters 
of MAT 131 

 

 

Table 7. Ply Types 1 & 7 in MAT 131
[5]

 
 

 
 

 

 
 

Table 8. SMC Properties for Chopped Carbon 
Fiber Composites (Shell) 

 

 
 
 

Table 9. SMC Properties for Chopped 
Carbon Fiber Composites (Solids) 

 

 
 
 

 
5.  Calibration and component test for 

the standard Ladeveze model 
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A single-element and coupon-level simulations 
were carried out in VPS to calibrate MAT 131 
described above. Coupon tests were performed 
by Delsen Test Laboratories (now known as 
Delsen division of Element) on two different 
material systems, UD and Woven Carbon 
Fiber/Epoxy systems. Additionally, component 
level (Hat-Plate) calibrations were also carried 
out in VPS to further validate MAT 131. Hat- 
Plate axial crush tests were conducted by team 
members at the University of Michigan. 

Single Element and Coupon Calibration of 
MAT 131 for Ladeveze model 

The necessary material properties for stiffness 
and failure were extracted from standardized 
tests. The model and input data were then 
validated using a single element and coupon 
test case as shown in Figure 24. 

 

Figure 24. A Single Element Description of FE 
Model 

 

 

Figure 25. Fiber Tension in [0]
o 
Direction 

Table 10. Property Extraction from Test 
Data for 0

0 
Tension Fiber Direction 

 

 

Compression Test 
 

Coupons were also loaded in the 00 direction 
compression (=900 direction for a balanced 
woven fabric composite). Some scatter was 
observed in the test data (Figure 26) but 
reasonable averages for stiffness and failure 
data were found as summarized in Table 11. 

Tension Test 
 

The element was loaded at a constant velocity 
of 1.0 mm/ms. Five coupons were loaded in the 
00   tension    direction    (=900    direction    for a 
balanced woven fabric composite). Good 
correlation was found for stiffness and failure 
data as summarized in Table 10 and Figure 25. 

 

 

Figure 26. Fiber Compression in [0]
0 
Direction 

Table 11. Property Extraction from Test 
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Data for 0
0 
Compression Fiber Direction i di   = 1 -   12

 (1) 
12 o 

12 

The model uses the term Y12 to define damage 
progression given by relation (Equation-2). 

 
 

i 1   o 
 

 

ei   2 

Shear Test Y12 =   G12(2E12) (2) 
 

To capture the shear behavior for woven 
composites, +/- 450 coupons were cyclically 
loaded with cycles of 10% ultimate tensile strain 
(17%, 25%, 37.5%, 50%, 70% and 90%) to get  at 
least five damage points. The average ultimate 
tensile strain of 1.08% was obtained from 00 

degree tension test. The cyclic test was used to 
extract damage evolution, plasticity and final 
shear strain data. G0 is given  by  the  initial  
slope of the shear stress (σ12) versus the 
engineering shear strain (2 ε12) curve. 

 

 
Figure 27. Shear Response via Cyclic Curve 

(Schematic)
[5]

 

Shear damage is given by the change in slope of 
the cyclic modulus G  i with each loading cycle 

From the cyclic curve and above expressions, it 
is possible to plot the evolution  of  Y12  vs 
damage d12 for each loading cycle (i), as shown 
in Table 12. 

 
 
 
 
 
 
 
 
 
 

Table 12. Shear Elastic Damage Evolution 
 

 

Plasticity is given by the growth of plastic strains 
(Ep  ).   The   model   uses   the   term   (p )   as  a (i). Initial slope of the un-damaged cyclic stress- 12 i

 

strain curve gives the initial shear modulus. At 
each cycle, stiffness loss is characterized by 
modulus    reduction.    The    degree    of   shear 
damage   d12   is   given   by   the   relationship in 

measure of effective plastic strain. The term (Ri) 
is used to evaluate influence of damage (d12) to 
yield stress (R0) in each loading cycle. 

Epi 

Equation-1. 12 p  =    2(1 - d )Ep (3) 
i pi-1 

12 
i 12 
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i=j 

 j =      pi 
i=1 

<i 

 
(4) 

Ri =
  12   - Ro (S) 
1 - di 

Finally, a curve fitting exercise was performed  
to fit exponential plasticity function (with 
parameters β and m) to the Ri versus pi curve, 
Equation-6. 

Ri  = P(  j)m (6) 

Table 13 summarizes plasticity results obtained 
from the integration and summation equations 
3 to 6. A good correlation has been found 
between test and simulation (Figure 28). 

 
 
 
 
 
 
 

Table 13. Shear Plasticity Behavior for Woven 
Carbon Fiber/Epoxy Composites 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 28. Shear Behavior of Woven 
Carbon/Epoxy Composites 

 

 
Hat-Plate Component Test using standard 
Ladeveze model 

The results obtained using the standard 
Ladeveze model used in the previous 
commercial version of VPS are displayed below. 
They will be complemented and compared vs. 
the new Waas Pineda progressive damage 
model developed in the project. 

A Hat-Plate design of three different ply 
configurations (Table 14) was tested in crush 
loading. The dimensions of the component are 
shown in Figure 30. The plate was bonded to a 
hat section on the side flanges using epoxy 
adhesive from Dow  (BETAMATE® 
73326/73327). An aluminum block was 
manufactured with a slot to fit the bottom 25 
mm of the part; and a plastic epoxy putty was 
used to bond the part in the slot (Figure 30). 

An Instron Dynatup Impact test machine (Figure 
29) was used to crush samples. A mass of 74.5 
Kg was dropped from a height of 0.98 meters. 
Table 14 shows test results for different ply 
configurations and the corresponding VPS 
simulation results. The force-deflection overlays 
of test and VPS simulations are shown in Figures 
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31-33. Both, in experiments and simulations, it 
was observed that crush initiates on the front 
and proceeds rear; however, simulations show 
large peaks of force during crush followed by 
instantaneous drop of force. This is a typical 
behavior in CAE standard models characterized 
by the sudden deletion of elements until next 
rows of elements are in contact. This sudden 
deletion of elements could be attributed to  
hard contact between the impact plate and the 
hat-plate composite model, or due to other 
numerical effect; this behavior will be revisited 
using the innovative Waas Pineda model shown 
in next chapters. Figures 31-33 reveals a high 
frequency noise in the CAE (un-filtered) data 
than the test data. When plotted against SAE 
Class 180 filter, it not only smoothens out high 
frequency signals but also follow closely peaks 
and valleys of the original CAE signal. An 
acceptable correlation to test was obtained in 
terms of the total crush length and the average 

 

 
 

Figure 31. Quasi- 
Isotropic Woven 

Laminate 
 
 

 

 
Figure 33. 

UD/Woven Laminate 

 

 
 

Figure 32. Cross-Ply 
[0/90] Woven 

Laminate 
 
 
 

Figure 34. VPS 
Simulation 

crush force for QI and Cross-Ply Woven 
laminates, however, some discrepancy was 
found for UD/Woven combo laminates. 

Table 14. Axial Crush Test vs Predictions 
 

 

6. Composite Full FBCC Crash 
Simulations using standard Ladeveze 
model 

The contact force versus displacement response 
between wall/impactor and the  composite 
FBCC for each load case are presented in Figure 
35-40. Overlays of VPS predictions for the steel 
FBCC and composite FBCC for the same 
boundary and initial conditions are also 
presented. 

Experimental tests were not yet available when 
releasing the paper. 

 

 
 
 
 
 

Figure 29. Test 
Equipment 

 
 
 
 
 

Figure 30. Hat- 
Plate 

For composites, the initial velocity for the 
Center-Pole impact load case has been reduced 
by half in order to withstand complete energy 
absorption. Unlike steel which  undergoes 
energy absorption via plastic deformation due 
to its ductile nature, composites absorb a 
significant  amount  of  energy  through cracking 
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and breaking by due to their brittleness. This 
phenomenon, was especially evident for the 
center-pole impact at 14 mph. For composites, 
there is no “folding deformation” which 
generally occurs in steel; once a ply fails, 
elements need to be eroded in order to 
maintain numerical stability, and the next rows 
of elements engage in contact; this is evident 
from the force-deflection curves where element 
deletion results in a sudden force drop. 

The trend in steel and composites behavior is 
similar where the force increases to peak from 
the initial impact up to flexing of the Bumper, 
followed by stable crushing/folding of crush- 
cans. A complete energy absorption (EA) for 
both steel and composites was achieved for the 
same given kinetic energy. The equivalent 
energy absorption for composites was achieved 
at a mass savings of nearly 40% as shown in 
Table 16. Table 15 shows steel and composites 
FBCC predictions under various load scenarios. 

 

Figure 35. NCAP crash test, composites vs steel 

 

 
Figure 36. Offset crash test, composites vs steel 

 

Figure 37. Center Pole crash test, composites vs steel 
 
 

Figure 38. Angular crash test, composites vs 
steel 
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Table 15. Steel FBCC vs Composite FBCC 

Predictions 
 

 

Table 16. Mass Comparison between Steel 
FBCC and Composite FBCC 

 

 

Manufacturing defects could have a significant 
influence on the crash performance of 
structural composite parts. PAM-FORM and 
Fibersim can be used to consider ply mechanical 
data, process conditions and other factors 
which can be input into the CAE model to 
improve the discrete characterization of 
individual elements in the model to consider 
processing effects and better account for 
induced instabilities in the design from the 
manufacturing process [Ref. 9]. 

An additional source of uncertainties lies in the 
modeling of assembly especially bounding 
rupture which would need further work. 

 
 
7. Implementation and validation of the 

Waas Pineda composite crash model 

Mesh dependency of composite crash 
simulation results 

A crucial part of virtual composite prototyping 
of crash structures is the proper prediction of 
the energy absorption under progressive 
damage evolution. Phenomenological based 
continuum damage models are most common 
used to describe the failure mechanisms of 
composite materials (Ladeveze et al. Ref. [1]). 
However, it has been shown that these models 
exhibit a strong mesh dependency caused by 
their local continuum based formulation. 

To illustrate this deficiency, the lateral impact of 
an omega shaped UD reinforced composite 
profile has been analyzed using different mesh 
densities. The model setup and the impact 
force-displacement curves are  shown in  Figure 
39. The results have been obtained using a 
Ladeveze composite model in ESI VPS. 

(a) 
 

(b) 
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Figure 39. Lateral crash of a omega shaped UD 
composite profile: (a) model setup and (b) 
impact force-displacement curves for three 
distinct mesh sizes. 

It can be seen that both the impact force and 
the impact distance changes depending on the 
mesh density. To overcome this deficiency a 
new hybrid composite damage model has been 
implemented in ESI VPS. It utilizes the well- 
established elasto-plastic composite description 
of the Ladeveze model and combines it with a 

continuum based constitutive relations to a 
cohesive traction-separation law (cf. Figure 40). 

 

Figure 40. Internal transition from continuum stress- 
strain relation to a cohesive traction-separation law. 

 
In the continuum state an  elasto-plastic 
material model is utilized to define the stress 
response 

 
E11 

Eel = E22        = S< 
E12 - Epl

 

with Eel the elastic strain vector, < the 
corresponding stress vector and S the 
anisotropic elastic compliance matrix. The 

evolution   of   the   plastic   shear   strain   Epl is 
new cohesive damage approach. The defined by a Hill-type yield function 
fundamental relations of the model are 
summarized in the following section. 

 
Presentation of the hybrid composite model 
(Waas Pineda) 

 
 

with the 

 
f(a12 

 
, R) =  |a12 | - R(Epl) 

The energy absorption of composite crash 
structures is substantially driven by 

R(Epl) = R + /3(Epl   m
 

characteristic damage mechanisms, such as – 
delamination, matrix cracking and fiber 
breakage. A robust modelling of these 
phenomena is there for a crucial part of the 
virtual prototyping process. Since classical local 
continuum damage models show a strong mesh 
dependence, a new hybrid approach has been 
implemented in the commercial FE package ESI 
Virtual Performance Solution (VPS). It is based 
on the works of Pineda & Waas Ref. [8]and 
utilizes     the     internal     transition     from the 

the hardening function and R0 the initial yield 
stress, /3  the hardening  law multiplier   and  m 
the hardening law exponent. 

 
The transition to the cohesive state is 
subsequently based on the definition of a 
characteristic element length (le and  le)  and 
the elastic strain equivalent separations 

 
 

a11  = leE11, 
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IC, 

IIC. 

 

A stress based criteria is used to identify the 
transition point for the 3 damage modes  (1st 

and 2nd fiber damage and inplane shear  
damage) individually 
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with X, Y and Z the corresponding material 
strength. The subsequent cohesive stresses are 
given by 

 
 

Kijaij, aij < a0 

MATERIAL CALIBRATION 

While standard experiments can be used to 
parametrize the continuum material model, 
additional tests are required to examine the fracture 
toughness of the material. 

In-plane  elasto-plastic calibration 

The necessary material properties for stiffness and 
failure were extracted from standardized tests.  The 
model and input data were then  validated  using a 
single element and coupon test case as shown in 
Figure 41. 

 

Figure 41. A Single Element Description of FE 
Model 

ij 
a  = (1 - Dj)Kijaij, a0 � aij < a/ 

ij   
l 

ij ij 

ai
r
j
es, aij  ? . a/ Tension Test The element was loaded at a 

constant velocity of 1.0 mm/ms. Five coupons 
with  a0   and   af    the   separations   at damage were  loaded  in  the 00 tension  direction (=900 

ij ij 

onset and total failure, respectively and Kij the 
cohesive stiffness. While the damage onset 
separation results naturally from the 
deformation state at damage initiation, the 
separation at total failure is governed by the 
fracture  toughness of  the damage  modes (G1 , 

direction     for     a     balanced     woven    fabric 
composite). Good correlation was found for 
stiffness and failure data as summarized in 
Table 10 and Figure 42. 

G2  and GIIC  respectively) 
 

 
f 2G  
11 X 

a22 = leE22, f 2G2 

y 

a12 = 1 le(E12 - Epl). 
2  2 12 af   = 
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12 

 

 
Figure 42. Fiber Tension test in [0]o Direction (black 
dashed curves) in comparison with the VPS model 
response (blue curve) 

 

Table 17. Property Extraction from Test Data 
for 0

0 
Tension Fiber Direction 

 Property Value  

 Et   0° tensile modulus 
11 54.67 GPa  

 Xt 0° tensile strength 597.7 MPa  

 v12 In-plane Poisson’s ratio 0.055  

 
 
 
 

Compression Test Coupons were also loaded in 
the 0° direction compression (=90° direction for 
a balanced woven fabric composite). Some 
scatter was observed in the test data (Figure 43) 
but reasonable averages for stiffness and failure 
data were found as summarized in Table 18. 

Figure 43 : Fiber Compression test in [0]
0 

Direction (black dashed curves) in comparison 
with the VPS model response (blue curve) 

 

Table 18. Property Extraction from Test 

Data for 0
0 
Compression Fiber 
Direction 

 Property Value  

EC    0° compression modulus 
11 54.67 GPa 

XC  0° compression strength 618.9 MPa 

 

Inplane Shear Test 
To capture the shear behavior for woven 
composites, V-notched shear tests have been 
performed. The results are shown in figure 44. 
The initial slope has been used to identify the 
initial shear modulus G0 . The extracted 
parameters are summarized in Table 19. 

 

Figure 44. V-notched shear test : experimental stress 
strain curve in comparison with the VPS model 
response (blue curve). 

 

 
 

Table 19. Property Extraction  from inplane  shear 
testing. 

 

 Property Value  

 G0    In-plane Shear modulus 
12 3.845 GPa  

 R0  Initial yield stress 34.78 MPa  

 P hardening law multiplier 0.10675  

 m  hardening law exponent 0.314268  

 Z In-plane shear strength 82.9 MPa  
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Fracture toughness  test  The  fracture 
toughness of the material has been examined 
using single edge notched tension  specimens 
(cf. Figure 45).  The  tests have  been 
performed by the McCormick School of 
Engineering at Northwestern University. The 
crack propagation has been monitored using 
digital image  correlation.  The  strain  energy 
has been derived using the J-integral 
computation.  Combining  both  data  allowed 
for the identification of the mode I fracture 
toughness as 

G/C  = 74 N/mm 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Coupon  test validation 

In order to examine the mesh size sensitivity of 
the new hybrid composite material model, a 
series of tensile coupon tests with different 
mesh sizes have been performed. The individual 
models  are  shown  in  Figure  46.  The resulting 

force-displacement of a classical strain based 
continuum damage model. It can be seen that 
no convergence upon mesh refinement is 
achieved for the continuum approach due to a 
strain localization. The hybrid cohesive damage 
model in contrast releases the same amount of 
energy for all tested mesh sizes. 

 

Figure 45. Unfractured and fractured Single 
Edge Notched Tension Specimen for fracture 
toughness testing as tested by McCormick School 
of Engineering at Northwestern University. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 46. Tensile coupon test: model with 
different mesh sizes. 
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Figure 48. Lateral crash of a omega shaped UD 
composite profile: impact force-displacement 
curves for three distinct mesh sizes 

 
 

Hat-Plate  crash calibration 

A Hat-Plate design of three different ply 
configurations was tested in crush loading. The 
dimensions of the component are shown in 
Figure 30. The plate was bonded to a hat  
section on the side flanges using epoxy  
adhesive from Dow  (BETAMATE® 
73326/73327). An aluminum block was 
manufactured with a slot to fit the bottom 25 
mm of the part; and a plastic epoxy putty was 
used to bond the part in the slot (Figure 49). 

 
Composite crash test on a omega shaped 
component 

The previously introduced lateral crash  model 
of an omega shaped composite profile has been 
once again simulated with the new hybrid 
approach. Using the same three mesh densities 
as before results in the impact force- 
displacement curves shown in Figure 48. It is 
clear that the mesh dependency has been 
greatly reduced. 

 

In the present contribution only the 
bidirectional layup of 0/90 Woven  layers  
will be analyzed. The hat and  the  plate 
were made from 11 and 8 symmetrically 
arranged  woven  layers, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 47. Tensile coupon test: Force- 
displacement curves of the new hybrid 

cohesive damage model and a classical 
continuum damage model for different 

mesh sizes. 
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A numerical model of the crash structure has 
been setup in ESI VPS using the previously 
identified material parameters. Two distinct 
mesh sizes of 2.5mm and 1.25mm have been 
analyzed in order to examine the consistency of 
the simulation results upon mesh refinement. 
The obtained impact force-displacement curves 
are shown in Figure 50 in comparison with the 
experimental results. The deformed crash can 
models after impact can be seen in Figure 51. 

 

An overall good agreement has been found 
between for the response of the two mesh sizes 
in terms of the impact force level. The  
deflection in the impact distance is mainly 
caused by the number of eliminated elements 
during the simulation in order to assure 
numerical stability. An improvement of the 
elimination criteria in order reduce the impact 
on the numerical results is under current 
investigation. A reduction of oscillations in the 
impact force-displacement curves illustrates the 
capability of the model to predicting a gradual 
energy release. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 49. Hat-Plate 

(a) 

(b) 

Figure 50. Hat-plate crash: Impact force- 
displacement curves of the ESI VPS crash 
simulation with two different mesh sizes in 

comparison with the experimental test 
results using (a) the Ladeveze and (b) the 

new hybrid Pineda/Waas model. 
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such for composites and that in particular 
material coupon tests are not sufficient to 
obtain a predictive model for composite crash. 

 
 
 
 
 
 
 
 
 

  
 

Conclusion and recommendations 

 

 
Figure 52. Building block pyramid approach for 
composite simulation aided design 

 
 

The purpose of this project was to assess the 
potential for reducing the weight of a front 
bumper by replacing steel with composite 
materials, without any compromise on crash 
performance. 

 

The front beam was entirely redesigned in  
order to maximize the benefit of using 
composite materials. The geometry was 
redefined accordingly and rib reinforcements as 
well as assembly strategies were introduced, all 
based on simulations run with VPS. 

The project confirmed that the standard 
workflow   for  metals  can’t   be   transferred as 

 
This is due to several factors: composite is not a 
standard ductile material but consumes crash 
energy by breaking into pieces. Modelling these 
phenomena with standard continuum based 
models reveals the limitation of the continuum 
approach. A strong mesh size dependence has 
been found caused by damage localization. 

 

An improved constitutive model introduced by 
Waas & Pineda, now available in VPS, 
overcomes this deficiency by the introduction of 
a cohesive damage approach. 

Mesh dependency is largely reduced, 
nevertheless some work has still to be carried 
out regarding element elimination strategies. 

Also a component test (such as crash can test) is 
needed as an intermediate step before the full 
scale prediction because of assembly 
problematics. 

Adhesive bounding models and local rupture 
effects around connectors, including 3D effects, 
were not in the scope of this paper. They are 
nevertheless critical for predictive full scale 
simulations. 

Last but not the least, the manufacturing  
history of the composite material especially 
regarding fiber placement and shearing effect in 
fabrics must be considered. 

Despite uncertainties, a good correlation for 
frontal crash on components like hat section 
was obtained when following the building block 
pyramid approach. This enables to reduce the 

Figure 51. Hat-plate crash: Final deformation of 
the crash can after impact for the two mesh sizes 
using the new hybrid Pineda/Waas model. 
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number of hardware tests required for crash 
design of composite structures. 

Acknowledgements 

This program is supported by the U.S. 
Department of Energy under Cooperative 
Agreement Number DE-EE0005661 awarded to 
the United States Automotive Materials 
Partnership. Neither the United States 
Government nor any agency thereof, nor any of 
their employees, makes any warranty, express 
or implied, or assumes any legal liability or 
responsibility for the accuracy,  completeness, 
or usefulness of any information, apparatus, 
product, or process disclosed, or represents 
that its use would not infringe privately owned 
rights. Reference herein to any specific 
commercial product, process, or service  by 
trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or 
imply its endorsement, recommendation, or 
favoring by the United States Government or 
any agency thereof. The views and opinions of 
authors expressed herein do not necessarily 
state or reflect those of the United States 
Government or any agency thereof. 

 
 

REFERENCES 

 
[1] Ladevèze P, Le Dantec E, “Damage Modelling 
of the elementary ply for laminated 
composites”, Composites. Science and 
Technology, Vol. 43, Issue 3, 1992, pp. 257-267. 

[2] A.K. Johnson, A.K. Pickett and P. Rozycki, 
“Computational methods for predicting impact 
damage in composite structures”, Composites 
Science and Technology, Vol-61 (15), pp. 2183- 
2192, 2001; concluding Reference [2]. 

[3] VPS (Virtual Performance Solution) Solver 
Reference Manual, ESI Group, Vol1-6, Version 
2016.0. 

[4] PAM-QUICKFORM User Guide-Solver, ESI 
Group, Version 2011. 

[5] A.K.  Pickett,  “Composite  Global  Ply Model 
131 for Elastic, Damage and Failure”, ESI 
GmbH/Institute for Aircraft Design, Stuttgart, 
September 2012. 

[6] A.K. Pickett, “Impact and Crash Simulation 
of Composite Materials-Training”, ESI GmbH, 
Eschborn, Germany, March 2009. 

[7] V.Klesher, R.Zemick, T.Kroupa, 
“Identification and Verification of the 
Composite Material Parameters for the 
Ladeveze Damage Model”, University of West 
Bohemia in Pilsen, Department of Mechanics, 
Czech Republic, April 2011. 

[8] E.J.Pineda, A.M.Waas,”Numerical 
Implementation of a Multiple-ISV 
Thermodynamically Based Work Potential 
Theory for Modeling Progressive Damage and 
Failure in Fiber-Reinforced Laminates, 
December 2011. 

[9] C.C. Chou, J.Le, P.Chen, D.J. Bauch, 
“Development of CAE Simulated Crash  Pulses 
for Airbag Sensor Algorithm/Calibration in 
Frontal Impacts”, Ford Motor Company, 
Research and Vehicle Technology, U.S.A. 301. 

[10] X.Jin, “US-3 Validation of Material Models: 
Composite Fabric Manufacturing Studies by 
Simulation and Experiment”, SPE-Automotive 
Composite Conference, Novi, MI 2016. 

[10] Z. P. Bažant, B. H. Oh, “Crack band theory 
for fracture of concrete”, Mater Struct, pp. 155- 
177, 1983. 



Praveen Pasupuleti et al,  Alain Trameçon et al, 2017  

 



Lie 1 
 

GOVERNMENT STATUS REPORT, SWEDEN 2017 
Anders Lie 
Johan Strandroth 
Maria Krafft 
Swedish Transport Administration 
Sweden 
 
 
 
 
SWEDISH ROAD SAFETY ORGANISATION 
 
The Ministry of Enterprise and Innovation is 
responsible for road traffic safety in Sweden. But 
due to the decentralised structure in Sweden, the 
Ministry works with budget, goals, and policy 
related issues while the operations are managed by 
the Swedish Transport Administration based on 
the directions from the ministry. The administration 
is responsible for the planning of the entire 
transport system with all modes of transport. It is 
also responsible for the building and maintenance 
of roads and railroads. The Swedish Transport 
Administration, also has an overarching role in the 
development of long term strategies and plans for 
all modes of transport in the transport system, 
contributing to the goals set up by the government 
for the transport sector. The Transport Admini-
stration holds responsibility for research within the 
fields of mobility, environment and traffic safety. It 
is also performing in-depth studies of fatal crashes 
within the road traffic system. If co-operation with 
other actors in society is necessary to effectively 
achieve its goals the Administration may work 
together with these actors. 
The other authority in the sector is the Swedish 
Transport Agency which has overall responsibility 
for regulations within air, sea, rail road and road 
traffic. Within the Swedish Transport Agency the 
Road and Railway Department formulates 
regulations, examines and grants permits, as well as 
exercise supervision within the field of road 
transport over e.g. road traffic, vehicles, driving 
licences and commercial transport. The agency also 
conducts analyses of road traffic and supply 
information about injuries and accidents within the 
road transport system. Swedish Transport Agency 
is also maintains vehicle and driver licence 
registers. 
The Swedish Transport Administration and the 
Swedish Transport Agency are both responsible to 
work towards the transport policy goals. 

In Sweden the main other bodies active in road 
traffic safety efforts are the police, the local 
authorities and the vehicle importers association. 
Other important parties are the NGOs for example 
the National Society for Road Safety (NTF), with 
its member organisations, and transport industry 
organisations. The Group for National Road Safety 
Co-operation (GNS) is a central body that co-
ordinates the co-operation between the Swedish 
Transport Administration and Agency, the local 
authorities the authority for occupational health and 
safety and the police. The NTF is an additional 
member of this group, as well as some other key 
partners from the traffic safety sector. 
 
ROAD TRAFFIC FATALITIES 
 
The Swedish overarching long-term safety objec-
tive within the road transport system was settled in 
1997 (now twenty years ago), when the Swedish 
parliament voted for the “Vision Zero”. This vision 
states that ultimately no one should be killed or 
seriously injured in the road transport system 
(Johansson, 2009). The design and function of the 
system should be adapted to the conditions required 
to meet this goal.  
Since Sweden introduced a visionary goal in the 
middle of the 1990s several jurisdictions have taken 
the same approach. In some jurisdictions the name 
has been changed to Safe Systems Approach to 
avoid the strong focus on the number zero (OECD, 
2008, ITF 2016). 
In 2016 the Ministry of Enterprise and Innovation 
have made a renewed commitment to Vision Zero 
(Swedish Government, 2016a). In conjunction with 
this the Swedish Transport Administration got a 
strengthened responsibility for co-ordination of the 
traffic safety activities in Sweden.  
The Commission of the European Communities has 
in its White Paper on transports set out the goal “By 
2050, move close to zero fatalities in road transport. 
In line with this goal, the EU aims at halving road 
casualties by between 2010 and 2020. Make sure 
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that the EU is a world leader in safety and security 
of transport in all modes of transport” (EC, 2011. 
Page 10). 
Sweden as member of the European Union was part 
of the union’s target of a 50% reduction of fatalities 
between 2001 and 2010. For Sweden that target 
meant a maximum 271 fatalities year 2010.  
In the year 2010 the number of fatalities in Sweden 
was 266. The road toll in Sweden thus did reach the 
50% EU target for 2010. Great progress was also 
made in other countries in the EU.  
With significantly less than 300 fatalities per year 
Sweden is one of the safest countries when it comes 
to road traffic, with a level of 2.6 fatalities per 
100.000 inhabitants in 2015. This is about half of 
the European Union risk average (5.2 fatalities per 

100 000 inhabitants year 2015). In Sweden fatalities 
related to distance travelled is 3.4 fatalities per 
billon vehicles-kilometres (2014) which can be 
compared with the 6.7 fatalities per billion –vehicle 
kilometres (2014) in USA (IRTAD 2016). 
Since 2010 the reduction of fatalities is not on the 
same level as for the years 2000-2010. The 
stagnation is most apparent for passenger car 
fatalities on rural roads. One explanation could be 
the economic upturn which is supported by the fact 
that the stagnation is a reality also in the rest of EU 
and in the US. However, there is reason to believe 
that what we see may be the beginning of a long-
term trend due to fewer infrastructural 
improvements than before. 
  

 

 
Figure 1. Road fatalities per 100 000 inhabitants in Sweden 1950-2016 
 

 
Figure 2.  Road fatalities in Sweden 2002 to 2016 
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INTERIM TRAFFIC SAFETY TARGET FOR 
2020 
 
Sweden has a long tradition in setting quantitative 
road traffic safety targets. In 2009 the Swedish 
government stated a target of 50% reduction of 
fatalities and 25 % reduction of severe injuries from 
2007 to 2020. This target would demand Sweden to 
be at a maximum of 220 fatalities in the year 2020. 
This interim target towards the Vision Zero is a part 
of an updated continuing road safety operation in 
collaboration with other stakeholders (The Group 
for National Road Safety Co-operation, GNS). 
After Sweden decided on a target for 2020 the 
European Union has decided on a 50% fatality 
reduction between 2010 and 2020. 
The current Swedish road safety operation is based 
on a system of management by objectives. This 
system is based on cooperation between 
stakeholders, targets on Safety Performance 
Indicators (SPI:s), and annual result conferences 
where road safety developments and targets are 
followed up. The aim is to create long-term and 
systematic road safety operation together with the 
other stakeholders.  
In 2016 the interim road safety target for 2020 
together with the road SPI:s was revised and 
proposed to the Swedish Government by the 
Swedish Transport Administration (STA, 2016). 
The revised road SPI:s that are monitored is speed 
compliance, sober driving, seat belt use, helmet use, 
safe vehicles, correct motorcycles use, safe national 
roads, safe crossings for vulnerable road users, 
maintenance standard on bicycle path streets and 
ISO 39001 - Road traffic safety (RTS) management 
systems. Most of these indicators each have a target 
for 2020 which makes it possible to prioritize 
between measures easier for stakeholders.  
One important element in the revision was to 
predict the benefits of planned interventions for 
road safety in order to estimate the number of 
fatalities in 2020. But also to facilitate the 
prioritisation of future road safety measures to 
reach midterm and long term road safety targets. It 
was estimated that the number of road fatalities 
would be reduced with approximately 16 percent 
from 2014 to 2020 with the current planned 
interventions for this period. The main part of the 
reduction originated from the gradual replacement 
of the vehicle fleet. 
 
 

 
DEVELOPMENT TOWARDS THE GOAL 
2020 AND 2030 
 
The role of the vehicles to contribute to the target is 
further discussed later in this paper. However, it is 
worth noticing that the replacement of the car fleet 
gave the biggest contribution to the results 2010 
and in the near future. But even though the 
replacement of vehicles will continue to improve 
road safety significantly it has been estimated to not 
be enough to reach the 2020 target.  
In 2016 the Swedish Government expressed a new 
focus on the Vision Zero and an intensified effort 
for road safety in Sweden. The government 
commissioned the Swedish Transport 
Administration to be the lead agency for road safety 
and the Swedish Government Agency for transport 
policy analysis to present a new proposal for 
interim road safety targets beyond 2020 as a 
response to the UN Global Goals for Sustainable 
Development (Swedish Government, 2016b). 
 
ISO-MANAGEMENT SYSTEM FOR ROAD 
TRAFFIC SAFETY 
 
In the spirit of the Tylösand Declaration, Sweden 
has been an initiator to get a new work within 
International Organization for Standardization 
(ISO). The management system standard ISO 
39001 was released in 2012.  
The vision of the International Management 
Systems Standard is: 
• Elimination of death and serious injury in the road 
transport system is the overarching goal. 
• A voluntary and complimentary tool to legislation, 
addressing all organizations interacting with road 
traffic and driven by the needs of interested parties, 
including market forces. 
• An approach to utilize and disseminate ”best 
practice”. 
• Knowledge transfer from Traffic safety experts to 
the intended user community of the standard. 
 
All requirements of the International Standard are 
generic and are intended to be applicable to all 
organizations regardless of type, size, products and 
services provided. 
In Sweden today more than 100 transport 
companies are certified to ISO 39001.  
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PENETRATION OF SOME SAFETY 
SYSTEMS IN SWEDEN 
 
Electronic Stability Control (ESC) has been proven 
to be very effective in reducing crashes related to 
loss of control (Erke, 2008, Ferguson, 2007, Lie et 
al. 2006).  
A study of fatal crashes in Sweden has shown that 
ESC is reducing fatal loss-of-control crashes with 
74% (Lie. 2012).  
Sweden has been world leading in getting a high 
degree of ESC penetration in new car sales. Now all 
new passenger cars were equipped with ESC. Even 
with this rapid introduction of ESC predictions 
show that in 2017 only 90% of the traffic will be 
performed in cars with ESC.  
Sweden has actively been part of Euro NCAP since 
the start of the organisation. Over the years since 
Euro NCAP started, vehicles safety performance 
has improve radically. Swedish Transport 
Administration has done an evaluation of the 
relation between Euro NCAP results and the risk of 
injury and fatality in real life crashes. The study 
shows a 70% fatality risk reduction between a Euro 
NCAP 2 star car and a 5 star car (Kullgren et al. 
2010). Another Swedish study shows the relation 
between Euro NCAP pedestrian score and real life 
impairment risks for pedestrians and bicyclists 
(Strandroth et al. 2014). Results show that the 
injury severity for pedestrians and bicyclists hit by 
cars with three and four star pedestrian protection 
compared to cars with just one star was 
significantly reduced (24-56%) for all body regions. 
Regarding injuries of higher severity the reduction 
was most evident for head injuries. The injury 
reduction grows with higher levels of medical 
impairment and in lower impact speeds.  
Nowadays all new cars in Europe have seat belt 
reminders. Seat belt reminders are reducing the 
number of unbelted driver in city traffic with 80% 
in Europe (Lie et al. 2008). A Swedish study has 
shown that seat belt reminders living up to Euro 
NCAP’s specification is increasing seat belt use in 
fatal crashes with 80%.  (Lie, 2012).  
Several studies has verified the effectiveness of low 
and high speed Autonomous Emergency Braking 
(Rizzi et al., 2014; Fildes et al., 2015; Cicchino, 
2016). In the end of 2015 low speed AEB was 
offered as standard on 55% of the vehicles models 
sold in Sweden. On 15% it was offered as optional. 
Regarding high speed AEB it was offered as 
standard on 19% and optional on 31% of the 

models respectively. Numbers for 2016 are not yet 
available. 
 
In 2016 a Swedish study was publishing as one of 
the first in the world to show the real life 
effectiveness of Lane Departure Warning 
(Sternlund el al., 2016). The LDW-system was 
concluded to contribute to a reduction of head-on 
and single-vehicle passenger car injury crashes with 
30% (with a lower limit of 6% with CI 95%). These 
findings strongly supports the introduction of 
LDW/LKA-systems in NCAP test protocols. 
 
THE CONTRIBUTION OF NEW VEHICLES 
 
With a rapid development of vehicles safety there 
has been of interest to calculate the yearly benefit of 
the exchange of the vehicle fleet. With about 140 
fatalities in cars every year, the exchange of slightly 
fewer than 7% of the vehicle fleet results in around 
8 “saved” lives in 2016. Out of these about two 
thirds comes from the better crash protection and 
one third from the ESC systems. As more advanced 
safety systems are getting to the market bigger 
effects can be foreseen in the future. 
 

 
Figure 3.  Road fatalities in passenger vehicles 
Sweden 2005 to 2016 
 
ABS ON MOTORCYCLES 
 
Anti-lock Brakes (ABS) has been proved by several 
studies to significantly reduce motorcycle crashes 
by some 20-50% depending on injury severity 
(Teoh, 2011; HLDI, 2009; Rizzi et al., 2009). A 
study on US insurance data (HLDI, 2014) also 
shows that the benefit with ABS was even higher in 
combination with Combined Brake System (CBS). 
As technology evolves more advanced ABS-system 
is expected and in 2013 Bosch introduced 
Motorcycle Stability Control (MSC) with enables 
full braking in a cornering manoeuvre.  
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Earlier studies have focused primarily on heavier 
motorcycle models. In 2014 a new study was 
therefore performed in order to confirm if the 
results applies to lighter motorcycles, i.e. scooters, 
as well (Rizzi et al., 2015). Results show that the 
effectiveness of motorcycle ABS in reducing injury 
crashes ranged from 24% in Italy to 29% in Spain, 
and 34% in Sweden. The reductions in severe and 
fatal crashes were even greater, at 34% in Spain and 
42% in Sweden. The overall reductions of crashes 
involving ABS-equipped scooters (at least 250 cc) 
were 27% in Italy and 22% in Spain.  
It was concluded that at this stage, there is more 
than sufficient scientific-based evidence to support 
the implementation of ABS on all motorcycles, 
even light ones.  
Many stakeholders have been encouraging the 
fitment of ABS on new motorcycles (STA, 2012). 
In Sweden the fitment rate has increased from 
approximately 15% in 2008 to 85 % in 2014. 
According to Bosch Corporation (2012) the 
installation rate in Europe for ABS in production on 
motorcycles with engine size larger than 250 cc has 
increased from 27% in 2007 to 36% in 2010. Since 
the European Parliament also has voted for a 
legislation which makes ABS mandatory for all 
new motorcycles over 125cc from 2016, the fitment 
rate is likely to increase even more in the years to 
come.  
The continuous implementation of ABS will 
contribute to a motorcycle fleet with increased 
stability, making crashes that do occur more 
predictable. This can have important implications 
for the designers of road transport systems, i.e. 
future safety countermeasures should be designed 
with greater focus on upright crashes. Therefore, 
improving motorcycle stability with ABS can create 
the conditions for making other safety systems 
more effective, motorcycle crashworthiness, for 
instance.  
A concept in that direction was developed by Rizzi 
(2016) as a first step towards a safe system for 
motorcyclists. 
 

 
Figure 4. A concept motorcycle with improved 
crashworthiness (Rizzi, 2016) 
FFI – STRATEGIC VEHICLE RESEARCH 
AND INNOVATION 
 
Transport, mobility and accessibility are of major 
importance for quality of life and growth. If society 
is to continue its positive development, transport 
solutions must be safe and environmentally 
sustainable. Safe electric cars, smarter logistics and 
resource-efficient production technology are 
examples of the innovation and renewal which can 
help the Swedish automotive industry meet this 
challenge. To drive the development forwards, 
Sweden’s government together with the industry 
have initiated a long-term partnership within FFI – 
Strategic Vehicle Research and Innovation (R&D). 
Sweden has a long and positive experience of such 
co-operation between authorities, the industry and 
academia. FFI funds R&D that focuses on climate, 
environment and safety. The effort is ongoing and 
includes some €100 million per year, half of which 
comes from public funds through VINNOVA, the 
Swedish Transport Administration and the Swedish 
Energy Agency. An equivalent amount is invested 
by the industry partners including Volvo, FKG 
(Scandinavian Automotive Suppliers), Scania and 
Volvo Cars who are also parts of the FFI program.  
This collaboration between public bodies, industry, 
educational establishments and research institutes is 
intended to provide high-quality results and 
contribute to positive social development. In order 
to keep the focus and to strive for the goals, the 
members in collaboration have developed a road 
map defining safety concepts and mile posts for the 
years 2020, 2025 and 2030. The road maps will be 
updated as progress is achieved. 
FFI funds for projects are divided so that two thirds 
of the money is allocated to climate and 
environment while one third to safety. An FFI 
board is responsible for setting a balance between 
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targeted projects and more long-term efforts which 
can deliver ground breaking results. The board’s 
duties also include promoting constructive 
cooperation between the various actors in the road 
traffic system. 
The investments in FFI take place through various 
collaborative programmes. One is “traffic safety 
and automated vehicles”. Sweden is a world leader 
in traffic safety. The programme will contribute to 
the continued development of vehicles with active 
systems to prevent accidents as well as passive ones 
to mitigate the consequences of those accidents 
where a vehicle is involved. Initiatives have a 
systemic approach so as to get roads, vehicles and 
road- users to interact well. 
 
IMPORTANT FIELDS FOR FURTHER 
RESEARCH  
 
Many fatalities in Sweden as well as globally are 
related to impaired driving. As many other 
countries Sweden has an Alco lock programme for 
offenders. There is also some 100 000 Alco locks 
used in Sweden in trucks, buses and taxis on a 
voluntary basis. There are even some installations 
made in trams, ferries and locomotives. These Alco 
locks are used on an emerging market for safe 
transports. Both buyers of transports and suppliers 
have found these Alco locks attractive to ensure 
sober drivers. There is an ongoing technology 
development both in terms of new basic 
technologies for Alco locks and forms for a reliable 
and non-intrusive sobriety support systems. Alco 
locks are well suited to be used for quality 
assurance with ISO 39001. 
Alcohol consumption is not the only reason for 
impaired driving. Often fatigue, distraction, legal 
and illegal drugs are also lumped into the term 
impaired driving. Vehicle systems that detect 
distraction and fatigue are out on the market. These 
systems are using signals from the vehicle to 
analyse the state and driving pattern for the driver. 
Already today the cars have an idea about when 
driving isn’t up to standards. The systems as of 
today have weak feed back to the driver and uses 
signal lamps of haptic feedback. Not far away in 
time the vehicle will have a good estimate of the 
potential impairment of the driver. The question is 
how a vehicle, on its own, can restrict and guide the 
driver into a safe driving envelope. The most 
evident way is to limit the speed of the vehicle and 
putting safety systems into a more nervous mode. 
This makes a potential crash avoided and less 

harmful. There is an evident need in society to 
research this field and to develop guide lines for a 
safe shut down sequence. Euro NCAP is looking at 
the possibility to include extended driver 
monitoring in the future rating system.  
The layout of infrastructure and the properties of it 
are becoming important for modern safety 
technologies. Already today lane departure warning 
systems are using lane markings as a critical 
component. In the near future crash avoidance by 
steering will need even better environmental 
awareness from lines and other road furniture. More 
and more cars are reading traffic signs and speed 
restriction signs are used to help drivers from 
speeding. As identified by the European Council, 
there is an urgent need for better co-operation 
between vehicle manufacturers and suppliers, and 
road authorities. Rules, standards and strategies for 
line painting and road signs could be aligned with 
the properties of modern vehicle systems to better 
achieve good functionality and safety. 
In the light of the rapid development within the 
field of automated cars the implication for 
infrastructure design must be better investigated. 
An efficient automated system can only be achieved 
through a tight co-operation between vehicle 
manufacturers and infrastructure providers. In 
Sweden the Drive Me project is a foundation for 
such a co-operation. 
Speed management is a key element to achieve 
good safety. More and more countries are using 
speed cameras and section control to diminish 
illegal speeding. In Sweden more than 1000 speed 
cameras or as it is called in Sweden, “road safety 
cameras” have been put up the last years. The aim 
of the camera system in Sweden is to support 
drivers in making a safe speed choice and, through 
a change in speed behaviour among a large 
proportion of the traffic create a new social norm 
with respect to what is an appropriate speed (Belin 
et al 2010). This has generated an emerging market 
demand for support systems helping users not to 
over speed. Already many years ago nomadic 
Satnavs indicated the speed limit. The same 
approach is now entering integrated navigations 
systems. Some vehicle manufacturers are also using 
cameras to read speed signs.  As an effect of the 
marker development the consumer crash test 
program Euro NCAP is today assessing Speed 
Assistance Systems (SAS) and is using the protocol 
since January 2013. A better compliance with speed 
limits will give significant environmental benefits 
through lower fuels consumption.  
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Although the road traffic injuries is a very complex 
problem a comprehensive knowledge have been 
developed over the years about the magnitude of 
the road safety problem, knowledge about 
important risk factors and both theoretical 
knowledge and practice experience about effective  
road safety strategies and measures . However, we 
are still lacking systematic knowledge about the 
way different public authorities, private 
organizations in different time periods try to tackle 
this major public health problem. We do not seem 
to have an adequate understanding and 
interpretation of the dynamics of the process aimed 
at formulating and implementing road safety 
polices and how sound road safety interventions are 
diffused in the society. Improving road safety 
requires knowledge about implementation 
processes, measures known to be effective and how 
and where in other sectors of society road safety 
aspects can be mainstreamed and partnerships built. 
It also requires the ability to choose the strategies 
and approaches that best fit the specific conditions 
of different countries Racioppi 2004, Belin 2012).  
The safety development for car users is impressive 
over the last decade. We have in Sweden seen a 
drop of in car fatalities with more than 50 %. But 
there is still a need to further improve.  
For other road users the same positive development 
isn’t seen. The fatalities in the group of vulnerable 
road users is proportionally growing. When looking 
at impairing injuries, pedestrians together with 
bicyclists have as many injuries as car users. 
Significant efforts are needed to reduce the number 
of killed and severely injured pedestrians, cyclist 
and motorcyclists. This will impact traffic safety 
work in the future, both from the road design and 
the vehicle perspective. 
 

CONCLUSIONS 
 
When it comes to traffic Sweden is one of the safest 
countries in the world. The Vision Zero approach 
has further boosted a good safety culture. 
The exchange of vehicles in combination with 
improved vehicle technology is a major contributor 
to achieve ambitious traffic safety targets. As more 
than 50% of new sales cars are sold to companies 
and other non-private buyers, active strategies to 
convince large fleet buyers to choose best safety 
standard is of outmost importance. 
Road users have a responsibility to operate within 
the safety limits of the road transport system where 
vehicle industry in its role as system designer 
partner can support the road user. Intelligent seat 
belt reminders, systems alerting drivers when 
speeding and alcohol starter interlocks are 
important systems to further develop and put on the 
market in large scale. 
The ISO 39001 management system standard for 
traffic safety will give organisations a possibility to 
work focused with traffic safety. 
Vehicle manufacturers and organisations 
responsible for infrastructure must develop better 
co-operations to ensure that the modern road offers 
a useful interface to modern vehicle technology 
such as lane departure warning and traffic sign 
recognition. 
A safe system is achieved when user capabilities, 
vehicle safety, road design and speed limits all are 
in harmony. A holistic perspective on road safety is 
under development and is important when 
prioritizing research efforts. 
 
More general information is available at the 
following pages 
http://www.trafikverket.se/eng  
http://www.transportstyrelsen.se/en  
http://www.vinnova.se/en/ffi/  
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Status Report the Netherlands 

After a steady decrease in the number of fatalities in traffic, 2015 showed an increase. Analysis 
showed that this increase was influenced by cyclists, with especially young and old peoples being 
over-represented. There are two possible causes: 
1. Use of mobile devices during cycling 
2. Increased use of e-bikes and speed-pedelecs 
In order to bend this trend, legislation is prepared to prohibit use of mobile devices while cycling. 
Also, campaigns have started to inform people about the risks. For speed-pedelecs, the use of a 
moped helmet has become mandatory. Because the existing moped helmets are not designed for 
use on a speed-pedelec (poor cooling function), an alternative is developed and allowed. In addition, 
a test protocol is developed for Automated Emergency Braking (AEB) for cyclists. This protocol is 
expected to be incorporated in Euro NCAP in 2018/2020. Moreover, a EEVC study on frontal impact 
for child restraints has been supported. 

With regard to future development the following issues are worth while mentioning: 
1. National legislation has been developed in order to support experiments with automated driving 
including level 5 (no driver in the vehicle). The outcome of these experiments should be 
experience/knowledge for future legislation 
2. A study will be done to find out under what conditions retrofit applications would be possible, to 
enhance the introduction of automated/connected functionality resulting in improved 
safety/environment 
3. Requirements for software updates are elaborated in order to guarantee compliance with the 
vehicle requirements and awareness of the driver with regard to changed functionalities. 
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TRENDS OF THE ROAD TRAFFIC 

ACCIDENTS IN JAPAN 

The number of fatalities (those who died within 

24 hours) resulting from traffic accidents in 

2016 was 3,904. This represents a great 

decrease in the number of fatalities compared 

to the previous year. This number is about 

one-fourth the 16,765 fatalities in 1970, which 

was the year in which the number of fatalities 

reached its peak. In addition, the number of 

accidents resulting in injury or death and the 

number of injured persons decreased for the 

twelfth consecutive year in a row since 2004, 

when the numbers were at their worst. 

However, both the number of fatalities and 

injured persons and the number of accidents 

resulting in injury remained high in 2016, as 

there were approximately 620,000 fatalities and 

injured persons, and approximately 500,000 

accidents resulting in injury or death. 

 

 
 
 
 
 
 

 
 
 
 
Figure 1. Trends of the road traffic accidents in 
Japan 

New targets were established: to reduce the 

number of fatalities to below 2,500 (those who 

died within 24 hours) and to below around 

3,500(those who died within 30 days) by 2020 

in the Tenth Fundamental Traffic Safety 

Program for 2016–2020. 

The road transport environment is beginning to 

change greatly due to the change in types of 

traffic accident victims reflecting the aging 

society and the introduction of Advanced 

Safety Technologies including Advanced 

Emergency Braking System (AEBS). 

Therefore, on 24th June 2016 the Working 

Group on Technology and Vehicle Safety of 

the Council for Transport Policy of the 

Ministry of Land, Infrastructure, Transport and 

Tourism (MLIT) reported a new target for 2020 

to reduce the number of fatalities by 

implementing vehicle safety measures and 

evaluating their effect, and setting the policy 

for reaching the new target. 



Future direction of safety measures includes the 

following: 

I. Countermeasures for accidents involving 

Children and the Elderly. 

II. Safety Measures for Pedestrians and Cyclists  

III. Countermeasures against Serious Accidents 

Involving Large-Sized Vehicles  

IV. Response to New Technologies such as 

Automatic Driving  

 

The Four Main Pillars for promoting 

Vehicle Safety 

 

I. Countermeasures for accidents involving 

Children and the Elderly 

1. Child safety measures 

Since the ways children get involved in traffic 

accidents vary with age group, we need to take 

safety measures appropriate for each age group. 

【Specific Measures】 

- Spread and promote safer and easier-to-use 

child seats conforming to ISOFIX and i-SIZE 

standards 

- Eliminate nonconforming products (Study 

conformity signs, guide dealers, educate users) 

- Promote proper uses of child seats and junior 

seats 

- Reinforce/expand standards on visibility and 

detection around and behind the vehicle 

(Utilize camera monitoring systems (CMS), 

etc.) 

 

 

 

 

 

 

 

Figure 2. Certification given to high performance 
ISOFIX Child Restraint System 

 

2. Measures against accidents involving elderly 

victims 

In parallel with measures to control their 

damage, we need to take safety measures to 

prevent them from being involved in traffic 

accidents in three directions: 

(i) Measures to help elderly pedestrians or 

cyclists notice approaching vehicles more 

quickly and take safe actions, taking into 

account their declining cognitive and physical 

abilities 

(ii) Measures to help drivers notice elderly 

pedestrians and cyclists more quickly and drive 

in a way friendly to them 

(iii) Measures to help the vehicle avoid 

collision with advanced safety technologies 

such as AEBS. 

【Specific Measures】 

- Make a function to automatically light the 

headlamps (automatic lighting) at dusk 

mandatory 

- Establish an occupant protection standard that 

takes into consideration the physical 

characteristics of the elderly etc. 

 

3. Measures against accidents caused by elderly 

people 

It is necessary to develop measures to help the 

vehicle, even if an elderly driver makes a 

mistake in operation, prevent accidents and 

reduce damage with built-in technologies. 



【Specific Measures】 

- Develop and spread measures to help the 

vehicle, even if an elderly driver makes a 

mistake in operation, prevent accidents and 

reduce damage with built-in technologies 

(AEBS, lane keeping devices, Acceleration 

Control Device for Pedal Misapplication etc.) 

- Quicken implementation and sophistication of 

systems responding to driver’s anomaly 

 

 

 

 

 

Figure 3. Lane Departure Warning System and 
Advanced Emergency Braking System 

  

II. Safety Measures for Pedestrians and 

Cyclists 

1. Measures for pedestrians 

In parallel with the enhancement of damage 

control measures, it is important to take safety 

measures to prevent collisions between vehicles 

and pedestrians or cyclists utilizing advanced 

safety technologies such as AEBS. 

【Specific Measures】 

- Examine the reinforcement/expansion of 

pedestrian protection standards (Expansion of 

test areas e.g. A-pillar, etc.) 

- Promote the development and spread of 

AEBS for pedestrian (JNCAP (Daytime: 2016, 

Nighttime: 2018)) 

- Advanced lighting technologies (make 

automatic lighting mandatory, study making 

automatic high beam mandatory, evaluate the 

performance of variable light distribution 

headlamps (JNCAP))- Promote the spread of 

nighttime pedestrian monitoring systems 

(JNCAP) 

- Expand standards on visibility and detection 

around and behind the vehicle (utilize CMS, 

etc.) 

- Make mandatory “vehicle approaching 

annunciators” on electric vehicles and HV, etc. 

- Study warning sounds for large sized vehicles 

while turning right/left and reversing 

- Promote the development of Intelligent Speed 

Adaptation (ISA) etc. 

 

2. Measures for cyclists 

It is necessary to verify the effectiveness of the 

pedestrian protection standard considering 

where cyclists hit their head. 

【Specific Measures】 

- Study a head protection standard taking into 

cyclists into account 

- Promote the development of AEBS assuming 

bumping bicycles from behind 

- Understand characteristics of bicyclist 

behaviors utilizing dashboard camera (drive 

recorder), etc. 

- Expand standards on visibility and detection 

around and behind the vehicle (utilize CMS, 

etc.) 

 

III. Measures against Serious Accidents 

Involving Large-Sized Vehicles 

Once involved in an accident, large-sized 

vehicles such as buses and trucks are likely to 

cause serious damage. So it is essential to take 

adequate measures such as; actively adopting 

advanced safety technologies available, 



promoting safety measures such as ensuring the 

driver’s safe driving and proper operation 

management, enhancing the inspection and 

maintenance of poor maintenance vehicles. 

【Specific Measures】 

- Continue/expand purchase subsidy and tax 

exemption for trucks and buses with advanced 

safety technologies (AEBS, electronic stability 

control systems, lane departure warning 

systems, etc.) 

- Expand standards on visibility and detection 

around and behind the vehicle (utilize CMS, 

etc.) 

- Study warning sounds for large-sized vehicles 

while turning right/left and reversing 

- Study systems detecting bicycles, etc. around 

the vehicle and notifying the driver of their 

presence 

- Quicken implementation and sophistication 

of systems responding to driver’s anomaly 

- Promote the spread of systems responding to 

driver’s anomaly after their commercialization 

(purchase aid, etc.) 

- Make the installation of dashboard cameras 

on chartered buses mandatory 

- Grant purchase aid for next-generation travel 

recorders, etc. 

- Study measures to help chartered buses 

improve their passengers’ seatbelt wearing rate 

etc. 

 

IV. Response to New Technologies such as 

Automatic Driving 

Automatic driving technologies are roughly 

divided into two categories: "driver assistance 

technologies" which assume a human driver 

and "fully automatic driving technologies" 

which do not assume any human driver. It is 

vital, while maximizing the potential of new 

technologies, to prevent "new types of 

accidents" caused by those technologies. 

Recently, in case of "driver assistance 

technologies" the vehicle is required to ensure 

that: 

- The driver recognizes the state of the system 

at all times properly;  

- The command of operation is taken over 

safely between the human driver and the 

system; 

- The human driver monitors the safe driving 

by the system; etc. 

For further advancement of driver assistance 

technologies and the commercialization of fully 

automatic driving technologies, we will need 

further advancement of environment 

recognition technologies and control 

technology, utilizing not only control 

technologies based on sensor information and 

digital maps sent by onboard cameras, radars, 

etc. and highly accurate self-location estimation 

technology (control of autonomous systems), 

but also dynamic information on traffic 

congestions, construction work, etc. and 

communication information between roads and 

vehicles, vehicles and vehicles, and vehicles 

and pedestrians, and the development of those 

technologies has started. 

Also, with the advancement of automatic 

technology, it has been pointed out that we 

need to develop standards on measures against 

hacking (e-security) and the maintenance of 

function during usage (e-safety). 



【Specific Measures】 

- Develop UN regulations on Automatically 

Commanded Steering Function early and adopt 

domestic ones 

- Promote cyber security measures 

- Establish standards on warnings upon system 

failures and recording of their nature 

- Improve regulations on accident records, etc. 

including videos 

- Promote the research and development of 

HMI responding to advanced driver assistance 

technologies 

- Respond to demonstration experiments on 

public roads aimed at fully automatic driving 

etc. 

 

 

 
Figure 4. Experiment in the Okinawa Prefecture 
※Referred from the HP of National Institute of 
Advanced Industrial Science and Technology.   
 

CONCLUSION 

Measures that are being taken in Japan have 

been described above. When promoting these 

measures, we gather and analyze traffic data, 

and run a PDCA cycle with the cooperation 

from various stakeholders.  

But in order to promote international 

harmonization in the aspects of further 

advancing safe and environmentally friendly 

vehicles in the future, it is perceived that 

approaches made in coordination with the 

World Forum for the Harmonization of Vehicle 

Regulation (WP.29) under the UN will become 

increasingly important. 
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Every day, 70 people die on European roads and 370 suffer serious 
road traffic injuries. This is tragic and simply unacceptable.

The European Day Without a Road Death (EDWARD) on 21 September 
2016 was a great opportunity to encourage all road users to reduce 
risks and improve safety while driving, riding, walking or cycling. 
The results were excellent and encouraging. By increasing awareness 
for just one day, we had a 39 % lower fatality rate than the year 

before, and 27 lives were saved. 19 out of 31 participating countries succeeded in having 
no deaths, while 7 others recorded significantly reduced fatality numbers on that day. 
A fantastic achievement for EDWARD this year!  

This clearly demonstrates that when all stakeholders come together we really can make 
an impact and save lives. Together with law enforcement authorities, we will continue to use 
events like this to make sure that more attention is paid to the problem of road fatalities 
and serious injuries.

Road safety is one of my top priorities as EU Commissioner for Transport. Our main objective 
is to save lives and protect people’s health all over Europe.

Road safety in the European Union has improved a lot in recent years: between 2001 and 
2015, the number of road deaths decreased by 52 %. The EU has the lowest fatality rate 
of any region in the world: in 2015, the EU reported an average of 51.5 deaths per million 
inhabitants, against 109 deaths per million in the USA and 174 deaths per million globally.

However, since 2013 progress in the EU has slowed down in this area. The latest road safety 
statistics for 2015 show that the number of fatalities on our roads has not decreased over 
the past two years. This trend needs to be taken seriously.

We need fresh ideas, projects and action to successfully move towards our 2020 road safe-
ty goals. We should never forget that every death on our roads is simply one too many. 
Road safety concerns all of us. Project EDWARD has shown that we can deliver incredible 
results when joining forces. We are on the right track to making the aspirational goal 
of zero fatalities a reality.

Violeta Bulc
EU Commissioner for Transport
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 ■  In 2015, 26 112 people 
died on EU roads.

 ■  There is no improvement 
compared to 2014 and 
2013.

 ■  Between 2010 and 2015, 
the number of road deaths 
decreased by 17 %. This 
means 5 400 fewer deaths 
in 2015 than in 2010.

 ■  The EU’s 2015 road fatality 
rate was 51.5 deaths per 
million inhabitants.

 ■  In 2015, the countries 
with the lowest fatality 
rate per million inhabit
ants were Sweden (27), 
the UK (28), Denmark (31), 
the Netherlands (31) and 
Malta (26).

 ■  Countries with the weakest 
road safety records were 
Bulgaria (98), Romania 
(95), Latvia (95), Lithuania 
(83), and Croatia (82).

 ■  In 2015, seven EU countries 
recorded a fatality rate 
below 40 deaths per million 
inhabitants and none of the 
Member States had a fatal
ity rate above 100 deaths 
per million inhabitants.

1.  The EU’s road safety  
situation in 2015



7

EU FATALITIES AND TARGETS 2001-2020

European roads remain the safest: with 51.5 road 
fatalities per one million inhabitants, the EU has 
the lowest fatality rate out of all regions in the 
world. Between 2001 and 2010, the EU cut the 
number of road deaths by 43 %, and between 
2010 and 2015 by another 17 %. 26 112 people 
lost their lives in the EU last year. This is 
5 400 fewer than in 2010.

However, progress has clearly slowed down 
lately: the change in fatality figures was close 
to zero from 2013 to 2014, and in 2015 there 
was even a slight increase. This means that 
efforts must be stepped up, especially at national 
level, to reach the strategic target of halving the 
number of road deaths by 2020.

While most Member States have improved their 
road safety records since 2010, there is still 
a significant gap in performance across the EU. 
In 2015, countries with the lowest fatality rate 
per million inhabitants were Sweden (27), the 
UK (28), Denmark (31), the Netherlands (31) 
and Malta (26). On the other hand, those with 
the weakest road safety records were Bulgaria 
(98), Romania (95), Latvia (95), Lithuania (83), 
and Croatia (82), even if two of them reported 
a significant decrease from 2014 to 2015: 
Latvia (-11 %) and Lithuania (-9 %).

In 2015, most EU countries recorded a fatality 
rate below 80 deaths per million inhabitants 
and, for the first time ever, seven EU countries 
recorded a fatality rate below 40 (the EU average 
was 51.5). In addition, and for the very first time, 
none of the Member States had a fatality rate 
above 100 deaths per million inhabitants.
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FATALITIES PER MILLION INHABITANTS BY COUNTRY IN 2014 AND 2015
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In 2015, on average only about 8 % of road fatalities occurred on motorways; 37 % happened 
in urban areas; most (55 %) occurred on rural roads.



ROAD FATALITIES IN THE EU BY TRANSPORT MODE IN 2015
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Vulnerable road users, including pedestrians, 
cyclists and motorcyclists, accounted for almost 
half of the road victims, and their proportion was 
even higher in urban areas. 21 % of all people 
killed on roads in 2015 were pedestrians, and 
pedestrian fatalities decreased at a lower rate 
than other fatalities (by 11 % from 2010 to 
2015, compared to the total fatality decrease 

of 17 %). Cyclists accounted for 8 % of all 
road deaths in the EU. The number of cyclist 
fatalities decreased by only 4 % between 2010 
and 2015, which is much lower than the total 
fatality decrease (17 %). Motorcyclists, who are 
less protected during a crash, accounted for 
14 % of road fatalities.
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For every person killed in traffic crashes, many 
more suffer serious injuries with life-changing 
consequences. Serious injuries are not only more 
common but are also often more costly to soci-
ety because of the long-term rehabilitation and 
healthcare needed. Vulnerable road users, such 
as pedestrians, cyclists, motorcyclists or elderly 
road users, are especially affected.

As of 2015, Member States started to re-
port data on serious injuries based on a new, 
commonly agreed definition following medi-
cal standards. The international MAIS trauma 
scale (maximum abbreviated injury score) 
has been used as the EU definition of seri-
ous road traffic injuries since 2014. The ‘scale 
3 and more’ (MAIS3+) is the one that applies 
to serious injuries.

Until now, the Commission has received prelimi-
nary data from sixteen Member States (Belgium, 
the Czech Republic, Germany, Spain, Ireland, 

France, Italy, Cyprus, the Netherlands, Austria, 
Poland, Portugal, Slovenia, Finland, Sweden and 
the United Kingdom). The quality of these data 
is currently being checked. Further data are 
expected from at least Romania and Estonia. 
The countries for which data is available rep-
resent about 80 % of the EU’s population and 
account for 80 % of all fatalities.

Based on the data provided, it is estimated 
that 135 000 people are seriously injured 
on EU roads. Therefore, on average there are 
5 serious injuries for each road fatality in the 
EU. Most of those seriously injured are vulner-
able road users, such as pedestrians, cyclists 
and motorcyclists, and most are elderly, an age 
group that is growing in number. Their proportion 
is even higher in towns and cities.

SERIOUS ROAD TRAFFIC INJURIES

1
 LARGE AIRPLANE

PER DAY

22
HIGH�SPEED TRAINS

PER MONTH PER YEAR

2
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370 PEOPLE 11 250 PEOPLE 135 000 PEOPLE

Serious injuries
SA F ER ROA DS IN T HE EU
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NUMBER OF SERIOUSLY INJURED IN EU MEMBER STATES

MEMBER STATE
FATALITIES BY  
POPULATION

HOSPITALISED SERIOUSLY INJURED 
MAIS3+

Belgium 65 373 265

Bulgaria 98 320 n.a

Czech Republic 70 236 271

Denmark 31 315 n.a

Germany 43 834 190

Estonia 51 352 n.a

Ireland 36 98 74

Greece 74 99 n.a

Spain 36 204 137

France 54 412 388

Croatia 82 668 n.a

Italy 56 790 246

Cyprus 67 445 98

Latvia 95 241 n.a

Lithuania 83 146 n.a

Luxembourg 64 561 n.a

Hungary 65 566 n.a

Malta 26 670 n.a

Netherlands 31 789 444

Austria 56 873 164

Poland 77 287 338

Portugal 57 207 197

Romania 95 456 n.a

Slovenia 58 452 103

Slovakia 51 222 n.a

Finland 49 86 95

Sweden 27 251 122

United Kingdom 28 352 78

EU 51,5 485 257
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A recent study1 carried out with the support 
of the European Commission analyses the 
most common characteristics of road traffic 
crashes that cause injuries of a MAIS3+ severity. 
The study provides an understanding of the 
most common factors contributing to serious 
road traffic injuries for pedestrians, bicyclists, 
motorcyclists and car occupants in the EU.

1)  Study on Serious Road Traffic Injuries in the EU  
(SUSTAIN) http://ec.europa.eu/transport/road_safety/to-
pics/serious_injuries_en

Common characteristics of crashes that 
severely injure pedestrians:

 ■  Men and women are about equally 
represented.

 ■  Elderly people and children are most at risk.

 ■  Mainly cars and heavy vehicles are 
involved.

 ■  Crashes occur mostly in urban areas 
on 50 km/h road sections.

 ■  Main contributing factors are failure to look 
before crossing, poor judgment, speed and 
psychoactive substances.

 ■  Head- and upper body injuries are most 
common when heavy vehicles and higher 
speed roads are involved. Legs are often 
injured in crashes involving cars on lower 
speed roads.

Common characteristics of crashes that 
severely injure cyclists:

 ■  Men are overrepresented.

 ■  Mostly the elderly, young people and 
children are at risk.

 ■  Crashes involve cars or occur in single 
vehicle crashes.

 ■  Crashes occur mainly in urban areas on 
50 km/h road sections or intersections.

 ■  Main contributing factors are failure 
to look, poor judgment, reckless driving 
and loss of control.

 ■  Head injuries are frequent in all crash 
scenarios. Legs are mainly injured in single 
vehicle crashes involving elderly people on 
lower speed roads. Thorax injuries mainly 
happen in side-impact crashes in urban 
areas and at junctions.

http://ec.europa.eu/transport/road_safety/topics/serious_injuries_en
http://ec.europa.eu/transport/road_safety/topics/serious_injuries_en
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Common characteristics of crashes that 
severely injure motorcyclists:

 ■ More than 90 % of victims are men.

 ■  Young people and middle-aged are most 
at risk.

 ■  Crashes mainly involve cars or fixed 
objects, or happen without an opponent.

 ■  Most crashes happen in rural areas 
or on urban roads.

 ■  Main contributing factors are failure 
to look, poor judgment, speeding and loss 
of control.

 ■  Thorax injuries happen mostly in single 
vehicle crashes involving fixed objects 
on rural roads. Leg injuries occur mostly 
in crashes involving cars.

Common characteristics of crashes that 
severely injure car occupants:

 ■ Two thirds of victims are men.

 ■ Young people are most at risk.

 ■  Most crashes involve cars or fixed objects, 
or occur without an opponent.

 ■  Most injuries occur on rural roads, when 
driving at speeds of over 70 km/h.

 ■  Main contributing factors are loss 
of control, speeding and the use of 
psychoactive substances.

 ■  Thorax injuries are most common in 
crashes involving two cars, when car 
occupants wear seat belts but there 
is no airbag. Head injuries occur most 
frequently when a car crashes into a fixed 
object or heavy vehicle, when the driver 
is not wearing a seat belt and there is 
no airbag. Leg injuries occur most often 
in car-to-car crashes in lower speed zones.



 ■  Young people (between 

18 and 24 year old) account 

for 14 % of those killed on 

roads but represent only 

8 % of the population.

 ■  Young people are almost 

twice as likely to be killed 

in a road crash than the 

average person.

 ■  The number of young people 

died on the roads decreased 

by 65 % between 2001 

and 2015, more than for 

any other age group.

 ■  In 2015, two thirds of 

young people killed in 

road crashes in the EU 

were drivers, whereas only 

8 % were pedestrians.

14

2. Young people (18-24)
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In 2015, more than 3 500 young people – those 
between 18 and 24 years – died in road crashes 
in the EU. Young people are far more likely to be 
victims of road crashes than any other age group. 
In 2015, almost 14 % of people killed on EU roads 
were aged between 18 and 24. However, only 
8 % of the population falls within this age group. 

The number of young people killed in road 
crashes more than halved between 2001 and 
2015, while the total number of road deaths 
in the EU also fell by 52 % over the same period.
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The distribution of fatalities by age group 
has changed in recent years. On the one hand, 
the EU significantly reduced fatalities among 
young people over the last 25 years. On the 
other hand, the proportion of elderly people 
killed in road crashes has strongly increased. 
This trend goes hand-in-hand with how the 
population’s age structure is changing: fewer 
younger and middle-aged people and more 
elderly people.

Men are still largely overrepresented among 
young victims: 80 % of young people killed 
in road crashes were men. This can be 
explained by young men’s different risk taking 

behaviour and also by the fact that young 
men tend to take longer trips than young 
women do.

Most young people killed in road crashes 
were drivers (67 %), while only 8 % were 
pedestrians. 

The majority (61%) of young people were 
killed in road crashes outside urban areas, 
on rural and interurban roads, and only 
6 % of fatalities occurred on motorways. 
Young people fatalities in built-up areas 
accounted for 32 % in the EU.

61%
18%

21%

Driver

Passenger
67%

25%

Pedestrian

Driver

Passenger

Pedestrian

All ages 18 – 24

8%

ROAD FATALITIES BY ROAD USER TYPE
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3. The elderly

 ■  In all EU countries, elderly 
people are at greater risk 
of being killed in a road 
crash than the overall 
population.

 ■  Elderly people accounted 
for 18 % of road fatalities 
in 2010 and 26 % in 2015.

 ■  Most elderly road victims 
are pedestrians (37 %) and 
most pedestrian fatalities 
occur in urban areas.

 ■  Across the EU, the fatality 
rate for elderly men is 
twice as high as the rate 
for elderly women.
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NUMBER OF ELDERLY FATALITIES AND ALL ROAD FATALITIES IN THE EU

In an aging society, the role of elderly people 
(65+) in road traffic requires closer attention. 
The proportion of elderly people in the total 
population is increasing and the proportion of 
elderly people among road traffic victims is 
also increasing.

Although older drivers are involved in fewer 
road crashes, elderly people in general are 
one of the highest risk groups. They are more 
vulnerable because they are more fragile, with 
often reduced eyesight and reaction speed. 

All fatalities
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Even if the number of elderly road victims has 
decreased over time, the total number of road 
deaths has fallen faster, thus the proportion of 
elderly fatalities rose. While 18 % of road fatal-
ities involved elderly people in 2010, this ratio 
reached 26 % in 2015. 

Compared to the average population, the risk 
of being killed on roads is almost one and half 
times higher for an elderly road user. In general, 
the average age of road victims is on the rise in 
the EU.
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ELDERLY FACE HIGHER RISKS IN URBAN AREA

There are fewer elderly fatalities on motorways 
and on rural roads, but more on urban roads. 
This is probably a result of the fact that most 
elderly road victims are pedestrians and most 
pedestrian fatalities occur in urban areas. 

In general, people aged 65 and over are espe-
cially over-represented among pedestrians who 
are killed in the EU. However, there are signif-
icant differences between the Member States. 

The high proportion of elderly people killed in 
road crashes as pedestrians also reflects their 
reduced mobility options.

Men are overrepresented among elderly road 
victims: almost two thirds of elderly people 
killed in a road crash were men. At the same 
time, women make up a higher proportion of 
fatalities among the elderly (36 %) than within 
the population in general (24 %).



21



22

4. Gender

 ■  Since 2001, fatality rates 
decreased for both men 
and women in all EU 
countries.

 ■  Far more men than 
women are killed in road 
crashes: only 24 % of 
fatalities are women, 
while 76 % are men.

 ■  The proportion of male 
drivers killed exceeds 
80 % in some countries.

 ■  Women are over
represented as  
passengers and 
pedestrians among  
road victims.
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DISTRIBUTION OF ROAD FATALITIES BY GENDER IN THE EU

In 2015, about 26 100 people were killed 
in road crashes throughout the EU, which 
means 5 400 fewer than in 2010. There is no 
difference between genders in this positive 
development in the EU overall: the number 

of road fatalities decreased by 17 % for 
both men and women. There are, however, 
many gender-related differences in individual 
countries.
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In general, far more men than women are killed in 
road crashes: fewer than a quarter of all fatalities 
are women, and 76 % of fatalities are men.

Men are still overrepresented among young 
victims: 80 % of young people who died in road 
crashes were men. At the same time, the fatality 
rate of elderly men is over twice the rate of 
elderly women in most EU countries.

The ratio between male and female road victims 
increases with age and reaches the peak for 
men between the ages of 30 to 34. It then falls 
among older age groups. More than 80 % of road 
fatalities aged 20 to 54 were men, and overall 
76 % of road victims were male. This reflects 
a specific gender development in the travel 
behaviour of men and women in Europe.
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ROAD FATALITIES BY GENDER AND MODE OF TRANSPORT
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Male and female road fatality figures also differ 
across road user categories. In 2015, more 
women than men were killed in passenger cars, 
but far more men than women were killed while 
riding motorcycles. Among pedestrians, almost 
twice as many women were killed as men.

Among drivers, the proportion of fatalities is 
higher for men than for women. The proportion 
of men exceeds 80 % in some countries. Women 
are overrepresented among passenger and 
pedestrian fatalities in all countries.
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Conclusions

The EU has an ambitious road safety target for this decade: halving the number of road deaths 
between 2010 and 2020. The target is very challenging to reach but we should not give up trying. 
In order to make up for the stagnation in 2013-2015, fresh efforts are needed from all involved, 
from policy-makers to road users.

The latest road safety trends clearly show the areas in which work should be concentrated. Although 
the rate of road fatalities among young people has decreased over the last decade, this is not true 
for elderly road users. Therefore, elderly people, especially pedestrians, deserve additional attention 
as part of urban road safety efforts. In an aging society, it is our common responsibility to make roads 
safe for elderly people to use.

There are many gender-based differences in road safety trends. This reflects a specific gender 
development in the travel behaviour of men and women in Europe. The differences show that road 
users’ behaviour plays a crucial part in safety, and this should be taken into account when designing 
new policies or raising awareness about risks on the road.

Future work includes new possibilities for analysing the non-fatal but still serious road crashes. 
In 2015, Member States reported the first EU-wide data on serious road injuries. Understanding 
the real scope of the injury problem is the first step to reducing the number of road crashes that 
result in serious injuries.
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For more information about the European Commission and road  
safety, visit our website:

http://ec.europa.eu/roadsafety

http://ec.europa.eu/roadsafety
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FATALITIES IN ROAD TRAFFIC ACCIDENTS 

 

Analysis of road traffic accidents statistics 

The efforts led by the Government of the Republic of Korea to reduce the fatalities and road traffic accidents played 
a major role in decreasing the fatality rate in road traffic accidents. In the past 5 years (2012-2016) the fatalities from 
road traffic accidents continued to decrease due to the implementation of the 7th transportation safety master plan. 
Table 1 and Figure 1 show that the number of fatalities from road traffic accidents was decreased by 17.9 % from 
5,229 deaths in 2011 to 4,294 deaths in 2016. Even though the fatality rate was decreased below 10 deaths in 
100,000 populations since 2014, the rate is still twice as high as those of countries with good road traffic safety 
records. The number of vehicle registered has increased from 18.44 million in 2011 to 20.99 million with an annual 
rate 3.3 %. On the other hand the fatalities have decreased with an annual rate of 3.9 %. 
 

Table 1. 
Total fatalities and fatalities per 100,000 (unit: death) 

 

Year 2011 2012 2013 2014 2015 2016 

Total Fatalities 5,229 5,392 5,092  4,762  4,621  4,294 

Fatalities per 100,000 10.5 10.8 10.1 9.4 9.1 8.5 

 

 
 

Figure 1.  Road traffic fatalities 
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To improve national road safety the 8th transportation safety master plan was established and will be implemented 
in the next 5 years (2017-2021). The goal is to decrease the number of fatalities of road traffic accidents to be below 
2,800 by 2021. To reduce the pedestrian fatalities which accounts for 38% of the total fatalities, the road traffic 
environment will be improved to pedestrian-friendly environment and the pedestrian protection regulations will be 
strictly enforced. In addition, various measures will be carried out to cope with the increase in accidents associated 
with older drivers; the period to renew drivers' licenses of the advanced age will be adjusted; the management of 
older drivers with geriatric illness will be revised; the aptitude tests for older commercial drivers will be 
strengthened. 
 
The major tasks in the road safety of the 8th transportation safety master plan are as follows; 
A. Road uses: the reduction of pedestrian fatalities by 40 %; the strengthening of safety management of older drivers 
such as the implementation of preventive measures tailored for older drivers-involved traffic accidents and the 
improvement of older drivers' driving performance 
B. Road environments: the reduction of accident severity by speed enforcement; the intensive management of risks 
in the roads prone to accidents 
C. Advanced Vehicle Safety: Active prevention of traffic accidents with the application of advanced vehicle safety 
features; Rapid response to the future transportation environment such as autonomous vehicles 
D. Safety management system: the strengthening of safety management of commercial vehicles; the improvement in 
the legal system for the strengthening of transportation safety; the strengthening of roles and responsibilities of local 
governments enforcing road safety 
 
The 2nd vehicle policy master plan 

In 2016 the 2nd vehicle policy master plan was established due to the necessity of strategy reestablishment to reflect 
the changes in vehicle policy and technologies since the 1st vehicle policy master plan (2011-2016). To improve 
vehicle safety and to protect people from traffic accidents, the implementation direction of vehicle safety and 
management policy was proposed to cope with the change in vehicle policy environments and new technologies in 
the next 5 years (2017-2021). The plan has several purposes, for example the directives of vehicle research and 
development for improving safety and the international harmonization policy of vehicle technical regulations to 
timely reflect international regulations to domestic regulations. In addition the strategy and detailed tasks were 
prepared to secure international competitiveness and to provide convenient and reliable vehicle service to people.  
 
The major tasks in the 2nd vehicle policy master plan are following; 
A. The strengthening of vehicle safety and international cooperation: reorganize the vehicle safety regulation system; 
strengthen vehicle safety; assist the promotion and sales of advanced vehicle safety features; new periodic inspection 
of in-use vehicles with advanced vehicle safety features; strengthen international vehicle regulation harmonization 
and international cooperation 
B. The improvement of vehicle service platform for vehicles lifetime: improve the vehicle license plate in quantity 
and quality; create the reasonable vehicle maintenance service culture; enlarge the vehicle aftermarket such and 
tuning and replacement parts; establish the transparent system of used vehicle trade; Revitalize the recycle and reuse 
industry of end-of-life vehicles 
C. The strengthening of consumers' rights: improve the vehicle recall system and quality control system; improve 
the mutual aid business system; rationalize the liability insurance system; strengthen the aid to traffic accident 
victims  
D. The establishment of vehicle operational environment for future vehicles: assist the deployment of autonomous 
vehicles; create the environments for eco-friendly vehicles; provide the future mobility service; create the transport 
network based on vehicles 
E. The establishment of a sustainable vehicle policy making system: establish the system to utilize big data based on 
vehicle statistics; improve the vehicle regulatory system; foster vehicle experts for the era of future vehicles 
 
 
INTERNATIONAL HARMONIZATION ACTIVITIES 

 
The Republic of Korea, a contracting party to 1958 Agreement and 1998 Agreement, have been harmonizing 
domestic vehicle safety regulations with UN Regulations and UN Global Technical Regulations (GTR) under 
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UN/ECE/WP.29. This section introduces what Korean Government is carrying out regarding international 
harmonization. 
 
Research on international harmonization 

The harmonization of domestic vehicle safety regulations has been carried out according to the annual plan of Table 
2. In 2015 researches on brake lining, wheels of passenger vehicles, installation of lighting equipment of 
motorcycles, electromagnetic compatibility have been completed. In 2016 researches on eight subjects, such as 
camera monitor system, brake lining, seatbelt reminder, have been completed. In 2016 eight regulations have been 
studied, and 75 subjects will be completed among the target of 85 subjects by the end of 2017. 
 

Table 2. 
Harmonization rate and number of research subjects 

 
Year 2013 2014 2015 2016 2017 (planned) 
Harmonization Rate (%) 65.9 71.8 78.8 88.2 95.3 
Number of Research 
Subjects (cumulative) 

4 (56) 5 (61) 6 (67) 8 (75) 4 (81) 

 
In recent two years the following domestic vehicle safety regulations are harmonized with UN Regulations and UN 
GTR. 
 
2015: UN GTR11 (Engine emissions for non-road machinery)  
2016: UN R18 (Protection against unauthorized use), UN R27 (Advance warning triangles), UN R36 (Construction 
of public service vehicles (space for fire extinguisher)), UN R66  (Strength of the superstructure if large passenger 
vehicles), UN R69 (Rear marking plates for slow moving vehicles), UN R75 (Pneumatic tyres (moped, motorcycle)), 
UN R81 (Rear-view mirrors (motorcycle)), UN R90 (Replacement brake lining assemblies), UN R121 
(Identification of controls & tell-tales), UN R124 (Passenger car wheel), UN R130 (Lane departure warning system), 
UN R131 (Advanced emergency braking system) 
 
Seatbelt reminder 

In the existing UN R16 and domestic vehicle safety regulation, the seatbelt reminder was mandatory for front row 
seats. The seatbelt wearing rate in the second or rearward row seats was as low as 16.2 % in 2013. This minimal (or 
dismal) rate made the seatbelt reminder mandatory for all seats to increase the seatbelt wearing rate. The Republic of 
Korea proposed the mandatory installation of seatbelt reminder for all seats of passenger vehicles at the 
WP.29/GRSP in December, 2014. Afterward the Republic of Korea submitted an amendment proposal in 
collaboration of European Union, France and Japan. The 169th session of the World Forum approved the 
amendment in November, 2016. It will be effective from September 2019 in Korea in the hope that the safety of all 
passengers will be improved drastically. 
 
Amendment proposal of fire resistance of rechargeable electric energy storage system (REESS) 

As electric vehicles are widely accepted in the world vehicle market, it became necessary to strengthen the safety of 
rechargeable electric energy storage system in an electric vehicle. In 2012 the Republic of Korea proposed a new 
test method of fire resistance for REESS at the GTR electric vehicle safety informal working group. From 2013 to 
2016 ROK conducted various comparative studies between a proposal and the existing test procedures. The study 
results showed that the repeatability, reproducibility and reliability of a proposal have been improved. The new test 
procedure was adopted as an alternative to the existing regulation in March, 2016. 
 
Participation in developing safety regulations of autonomous vehicles 

The World Forum for Harmonization of Vehicle Regulations (WP.29) established the automatically commanded 
steering function informal working group in 2015 to develop safety regulations regarding autonomous vehicles. 
Korea proposed an amendment to existing domestic regulations for autonomous vehicles and wished to share the 
study results with international partners. The amendment proposals were mainly focused on the maximum speed, 
advanced driver assistance system. 



C.G. KIM                       

 
Amendment to pedestrian protection for active hood 

The pedestrian fatalities, a leading fatality, account for 38 % in Korea. It needs a serious counter measure to deal 
with the reduction of pedestrian fatalities. In recent years vehicles with an active hood system have been introduced 
in the market. However, the existing UN R127 and UN GTR9 hinder the introduction of an active hood because 
those regulations lack the test procedures for active hood systems. In 2015 Korea proposed to amend the existing 
regulations in agreement with international partners and International Organization of Motor Vehicle Manufacturers 
(OICA). The study was carried to clarify the conditions of an analysis model for head impact duration and to 
develop a test method for active hood systems in 2016. Korea became a leading contracting party for amending the 
existing regulations in 2016. This group actively is working on developing a new test procedure for active hood 
systems. 
 
 
AMENDMENTS OF DOMESTIC VEHICLE SAFETY REGULATIONS 

 
Advanced driver assistance systems in heavy-duty commercial vehicles 

Mandatory installation of advanced driver assistance systems in heavy-duty commercial vehicles has been studied 
under the project, 'Development of safety assessment of advanced driver assistance systems' since 2012, because 
advanced driver assistance systems were proven to be effective to prevent the traffic accidents of heavy-duty 
commercial vehicles. In 2015 the amendments to existing vehicle safety regulations were proposed for lane 
departure warning system, automatic emergency braking system. The mandatory installation of advanced driver 
assistance systems is in progress of legislation.  
 
In 2016 a tragic accident in a tunnel happened in a tunnel, with 4 death and 38 injured. This accident prompted rapid 
legislation and counter measures. The effectiveness analysis and legislation of advanced driver assistance systems 
were prepared in 2016. Mandatory installation of advanced driver assistance systems in heavy-duty commercial 
vehicles was promulgated and effective in January 2017 for new model vehicles, and will be effective for current 
model buses in 2018 and current model trucks in 2019. 
 
Emergency exit in case of fire, immersion and other situation 

In 2016 the door of a chartered bus caught fire and stuck at an accident on the express way. This accident resulted in 
10 deaths. The existing regulation on the emergency exit in the bus requires one or more emergency exit. The 
windows are an alternative to the emergency exit. However, this requirement is not adequate and poses a high risk in 
fire or under water. In 2016 the amendment was promulgated to require one or more emergency exit (at least one 
emergency exit for buses with 30 or less passengers, more than one emergency exit for buses with 31 or more 
passengers) and emergency escape devices from 3 to 11 according to the number of passengers in January, 2017 to 
strengthen the safety of bus passengers. This requirement will be effective for new buses with 16 or more passengers 
in 2019. 
 

 
 
Figure 2.  Escape simulation through emergency exits of large bus  
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Camera monitor system 

The UN R46 on rear view mirrors was amended to introduce a camera monitor system as an alternative to rear view 
mirrors in November, 2015. The domestic vehicle safety regulation on rear view mirrors was harmonized to accept a 
camera monitor system in January, 2017. This amendment enabled vehicle manufacturers to develop and apply 
advanced safety systems to improve vehicle safety by amending current vehicle safety regulations impeding new 
vehicle safety features and innovative vehicle design. 
 
 
NEW CAR ASSESSMENT PROGRAM 

 
There are many changes in the assessed items and contents of the new car assessment program in 2017. The 
assessment of pedestrian protection is strengthened and more advanced driver assistance systems will be assessed. 
The point system to each assessed field is modified also. Sixty points are allocated to crashworthiness, 25 to 
pedestrian protection, 15 to active safety systems (additional merit of 2 points). The points allocated to 
crashworthiness was reduced by 5 points, on the other hand the points to active safety systems were increased by 5 
points. 
 
Strengthening the assessment for vulnerable road users 

Traffic accidents involved with children account for 5.4 %, and those involved with female drivers account for 
40.6 %. However the current new car assessment program is focused on the protection of male drivers based on the 
physical characteristics of an average male driver. In the past two years (2014-2015) the study on protection of 
vulnerable road users, such as children and small female drivers was carried to justify (support) the grounds for 
protection tailored to children and small female drivers. Dummies of 6 and 10 years old will be boarded in the 
events of off-set frontal collision test, side impact test and chest compression will be measured. Due to the increase 
of female drivers the assessment procedure was developed for female drivers based on the physical characteristics of 
female drivers, apart from the male-oriented assessment procedures. 
 
Assessment of advance driver assistance systems (ADAS) 

The efforts Advance driver assistance systems are effective for preventing accidents so that the plan for the 
assessment procedures of advance driver assistance systems was established as a mid-to-long term project of the 
development of new assessment procedures. Since 2014 a lane departure warning system, forward collision warning 
system, and a seatbelt reminder have been assessed. From 2017 thirteen ADAS will be assessed, including a lane 
keeping assistance system, an automatic emergency brake system, an intelligent speed assistance, a blind spot 
detection system and a rear cross traffic alert system. 
 

Study on the new car assessment program 

The following fields in the new car assessment program will be studied to continuously improve the program in 
2017. 
- Establish the mid-to-long term plan to improve the program 
- Develop assessment procedure of AEBS for pedestrian during the night 
- Develop assessment procedure of lighting equipment for night visibility 
- Baseline study for developing assessment procedure of vehicle-to-vehicle crash 
- Develop assessment procedure of female passengers in the 2nd row seats in a passenger vehicle 
- Analysis of crashworthiness effectiveness 
 
 
RESEARCH AND DEVELOPMENT 

 
Establishment of the 2nd vehicle policy master plan 

The 1st vehicle policy master plan (2011-2016) was established and implemented. The 2nd vehicle policy master 
plan was established in 2016, taken into consideration of the changes in vehicle environments and technologies. The 
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Ministry of Land, Infrastructure and Transport (MOLIT) established the road map of the National Vehicle Policy. In 
the road map 5 main strategic projects and 18 detailed tasks were developed. Those projects will be implemented for 
the next 5 years, including five main strategies such as, "A leading role in international harmonization", "Create a 
vehicle operational environment for future advanced safety vehicles".   
 
Through these projects MOLIT will lay a firm ground for a mid-to-long term policies, research and development 
projects, an international harmonization center, wide application of advanced driver assistance system, and 
expansion of transportation safety business with Korea Transportation Safety Authority / Korea Automobile Testing 
& Research Institute (TS/KATRI). In addition the MOLIT will strengthen the research and development of future 
vehicles and the cooperation network for the commercialization of autonomous vehicles to promote the research and 
development of future vehicle safety, including autonomous vehicles and environment-friendly vehicles. Also the 
MOLIT will lay a foundation for the system to respond to the new climate regime, and strongly support a infra-
structure system reformation for environment-friendly vehicles. 
 
Safety of micro mobility (L7 category) 

Recently single passenger personal mobility as environment-friendly and short-distance transporter became 
available to the public. The current vehicle classification system, which lacks safety requirements and vehicle 
category, poses an impediment to the introduction of micro mobility. To resolve this issue the study on micro 
mobility is being carried out from December of 2015 to June of 2017. The main research subjects are classification, 
safety regulations, cost/benefit analysis and assessment of 4 fields (general safety, active safety, passive safety and 
performance). In the proposal micro mobility will be classified in the micro mobility to be included in the current 
category of light vehicles. For the safety requirement proposal, 29 current safety standards will be applied and 23 
new safety standards only for micro mobility will be introduced. In the near future crashworthiness of micro 
mobility including frontal collision test, will be reviewed. 
 
Approval of real world test of autonomous vehicle and public access to the ITS proving ground 

To lift the regulatory barrier to development of autonomous vehicles a temporary approval of real world road test for 
autonomous vehicles was introduced in February 2016. Seventeen approvals were granted up to March 2017. The 
approval system helps the vehicle manufacturers to expedite development of autonomous vehicle technology by 
accumulating '26,000 km without accidents in the real world' and verifies the safe operation of autonomous vehicles 
in the real world. ITS proving ground is accessible by universities with limited resources. From 2015 TS/KATRI 
lowered its fees of proving ground by 50% for universities. From 2016 universities are able to use proving ground 
free of charge in the weekend. In addition TS/KATRI offers state-of-art proving ground, such as, DGPS, traffic 
signal system to universities at no cost. These efforts by TS/KATRI help universities to develop autonomous vehicle 
technology and to train experts for the future. 

 
* Intelligent Transport Systems proving ground: 364,000 square meters 
 

Expansion of research and development 

The assessment procedures of core technologies in autonomous vehicles have been developed under the project of 
'Development of assessment procedures for advanced safety vehicles (2015-2017)' since 2009 (Table 3). The test 
bed is under construction to assess three core safety fields of autonomous vehicles. The test bed (K-city) 
infrastructures is under construction and the assessment procedure of autonomous vehicle safety is being developed 
under the Government' policy of 'Early commercialization of autonomous vehicles by 2020'. 
 
Research on autonomous vehicles The planning research was carried out for "Development of assessment 
procedures of autonomous vehicle safety and construction of test bed" from August 2105 to May 2016. Core safety 
fields, such as operation, failures and internal communication security, of autonomous vehicles are being studied 
from June 2016 to December 2018. The planning research was carried out for "Development of assessment 
procedures of driver's taking back control of autonomous vehicle and Improvement of social receptivity of 
autonomous vehicle" (August 2015-May 2016). The main research is under way from April 2017 to December 2020. 
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Table 3. 
Road map of assessment procedures for advanced safety vehicles research 

 
Year 2009 1st Phase 2012 2nd Phase 2015 3rd Phase 2017 

Passive 
Safety 

 protection of rear seat passengers  protection of far side passenger 

active headrest active pedestrian protection pedestrian leg protection 

pole-side impact roll-over safety    

Active 
Safety 

Passenger vehicle ACC 
/commercial vehicle AEBS 

lane keeping system  

lane departure  
warning system 

 
automatic emergency  

braking system 
motorcycle AEBS 

 blind spot detection ESC of commercial vehicle    

AFLS   
safety assessment of  
active safety vehicles 

crashworthiness of 
active safety vehicles 

    cybersecurity EMC of advanced safety vehicles 

    alcohol interlock    

      
 safety of autonomous vehicle  

with ADAS 

Social 
Infra- 

structure 

e-call Injury DB (1st phase) 
In-depth accident analysis DB 

(2nd phase) 

   
cost/benefit analysis 

of ADAS 
 

    power of electric vehicle  
 
Construction of test bed (K-city) for autonomous vehicle In the TS/KATRI proving ground (364,000 
square meters) a experimental city integrated with communication system is being constructed for testing 
autonomous vehicles. The world-class experimental city suitable for testing autonomous vehicles is under 
construction to secure the assessment procedures of three core safety fields, such as operation and failures, 
cyber security and driver's taking back control, of autonomous vehicles. By October 2017 a motorway 
system dedicated for vehicles will be completed. By December 2018 the rest of roads (downtown, rural 
roads and community roads) will be completed. 

 
Figure 3.  Test bed (K-City) for autonomous vehicles 
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Improvement of commercial vehicle safety Various measures of management of commercial drivers and transport 
companies have been implemented to improve commercial vehicle safety. In December 2012 a digital tacho graph 
became mandatory in heavy-duty commercial vehicles. The data from digital tacho graphs will be utilized for 
improving safety. A lane departure warning system and an automatic emergency braking system became mandatory 
in buses longer than 11 meters and heavy-duty trucks with 20 or more tons GVW in January, 2017. The Ministry 
provides subsidy owners of heavy-duty commercial vehicles for retrofitting LDWS and FCWS since September 
2016. This subsidy will be increased to have more vehicles equipped with advanced driver assistance systems. 
 
 
CONCLUSION 

The Korean Government keep pace with the development of new safety technology in the future transport 
environment to reduce traffic accident fatalities through preventive measures and autonomous vehicles like 
application of advanced driver assistance systems as a main task of vehicle safety improvement. The legislation 
system of vehicle safety regulations will be revised to improve transparency and predictability. The ministry will 
strongly support international harmonization activities and make advanced driver assistance systems available as 
much as possible. International cooperation will be strengthened. Furthermore the Ministry will take every effort to 
create the operational environment amicable for future advanced safety vehicles. 
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1. STATUS AND TRENDS 

1.1. Road accidents in Germany 

The total number of police registered road accidents has stagnated for the last 10 years – between 2.2 and 2.5 
million road accidents. There were slight increases in single years such as 2007, 2010 or 2015, but as well slight 
decreases in 2002 or 2011. On the long run, there is an increase since 2000 by 7 % in 2015. The forecast for 
2016 also indicates an increase in accident figures by roundabout 3 % (2015: 2.52 million road accidents). 
The number of road accidents with personal injury has decreased by 20 % since 2000, resulting in 305,659 road 
accidents with personal injury in 2015. This number has increased in the last two years by about 5 % and for 
2016 again a slight increase of almost 0.3 % to approximately 306,500 injury accidents is expected. 
Casualty figures have also decreased since 2000, with lower reductions for slight injuries and higher reductions 
for severe injuries and fatalities. The total number of casualties has decreased by more than 22 % from 511,577 
in 2000 to 396,891 in 2015. The increased number of injury accidents in the last two years led also to an 
increased number of casualties of approximately 5 % compared to 2013. In 2016 an increase to about 398,000 
casualties is expected. 
Since 2000, the number of severe injuries has been reduced by nearly 34 % to 67,706 seriously injured road 
users in 2015 and the number of slight injuries has been reduced by nearly 19 % to 325,726 slightly injured road 
users. Fatalities have decreased by 54 % from 7,503 fatalities in 2000 to 3,459 fatalities in 2015. After the 
increase of the number of fatalities in the last two years in 2016 a decrease to approximately 3,240 fatalities has 
been predicted. 
In contrast to the positive development on the long term, the year 2015 showed an increase of the number of 
fatalities the second year in a row. And also for the number of injury crashes and casualties the year 2015 was 
the second year with an increase of accident figures.  
The forecast for 2016 shows a stagnating or even increasing number of accidents but a decrease in fatality 
figures by about 6 %. While many factors concerning e.g. safety behavior or vehicle and infrastructure safety 
play an important role for the long term development of fatality and crash figures, short-term increases result 
mainly from changes in mobility and traffic behavior due to different and extreme weather conditions. The years 
2014 and 2015 were characterized by an early and mild spring, resulting in high accident and fatality figures 
concerning mainly motorized and non-motorized two-wheelers. The decrease in 2016 is accordingly mainly due 
to reductions of the fatality numbers for two-wheelers. 

1.2.  Socio-economic costs due to road traffic accidents in Germany 

The Federal Highway Research Institute (BASt) calculates the costs of road accidents on an annual basis. The 
costs of road traffic accidents to Germany’s national economy include personal injuries and damage to goods.  
The calculated costs include direct costs (e.g. for medical treatment, vehicle repair/replacement), indirect costs 
(for police services, the legal system, insurance administration, replacement of employees), lost potential growth 
(including the shadow economy), lost added value of housework and voluntary work, humanitarian costs, costs 
of monetised travel time losses due to accidents on motorways. Using the developed calculation model an 
analysis of very severe injuries and the effect of underreporting on total accident costs could be accomplished. 
The calculated total accident costs for 2015 amounted to approximately 34.44 billion Euro. 
Furthermore, personal injuries amounted to 14.31 billion Euro. Costs of about 20.12 billion Euro were caused 
by damage to goods. 
The costs per person add up to 1.192 million Euro for a fatality, 123,510 Euro for a severely injured person and 
5,139 Euro for a slightly injured person. 
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Figure 1: Costs due to road traffic accidents in 2015 (billion Euro) 

 

1.3. German Road Safety Programme 

The German Road Safety Program was launched in autumn 2011 and will be running for ten years until 2020. 
The principal aim of the program is to enable safe, ecologically sensitive and sustainable mobility for all road 
users in Germany. It comprises a wide range of road safety measures addressing road users, vehicles and the 
road infrastructure. 
The program addresses new challenges (e.g. demographic change and mobility of elderly) and aims at 
safeguarding the efficiency of the road network. At the same time, it reflects recent technological developments 
in vehicles such as driver assistance systems, cooperative vehicle systems or new engine concepts. In these latter 
areas, the main focus lies on ensuring that the development of vehicle technology induces safety gains rather 
than safety risks. Activities also focus on rural roads and on reducing not only the number of fatalities, but also 
the number of serious injuries.  
For the first time, a quantitative target of -40% for fatalities by the year 2020 was set. The target was defined on 
the basis of scientific research regarding the expected development of road safety until the year 2020 (R. Maier 
et al., 2012 a). The monitoring and assessment of road safety measures and the development towards the target 
is done by the Road Accident Prevention Report, which is prepared every two years and submitted to the 
German Bundestag. In 2015, a Midterm Report has been launched and published, taking stock of the first half of 
the road safety program. After the increase of fatality numbers in 2014 and 2015 the number of fatally injured 
traffic participants has been reduced only by 13.7 % since 2011. To achieve the reduction of 40 % by 2020 
further efforts in the next years are necessary. As key issues the accidents of pedestrians and cyclists inside 
urban areas as well as accidents of cars and motorcycles on rural roads were identified. 
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2. RESEARCH 

2.1. Finished projects 

2.1.1. EU Twinning Project - Support to the Ministry of Infrastructure of Ukraine in Strengthening of 
Safety Standards of Commercial Road Transport 

While the accident and mortality rates in the EU tend to decrease, road safety performance in Ukraine remains 
very low by international standards. The mortality rates from road traffic injuries are among the highest in 
Europe, standing at 21.5 deaths per 100,000 populations compared to 13.5 averages in WHO European Region. 
 
To help the Ministry of Infrastructure of Ukraine (MoI) in improving the situation, the EU - in consultation with 
the MoI - considered "institutional twinning" with a Member State (MS) of the EU as the most relevant way to 
provide assistance in the framework of the EU-Ukraine cooperation. It should accelerate the capacity building of 
the MoI in benefitting from EU experience and practices, specifically relating to road traffic safety management 
systems, qualification of directors and managers of road transport companies and drivers, certification of 
vehicles and their components and accident investigation.  
 
In cooperation with Polish and Lithuanian partners, the German Federal Office for Goods Transport (BAG) and 
the German Federal Highway Research Institute (BASt) have been involved in the twinning. 
 
BASt took the lead in Twinning Component D, supporting the implementation of technical investigations of 
accidents. This included assistance in establishing a legal framework, technical education of Ukrainian experts 
and the preparation of detailed procedures. 
 
It must be noted, that the new draft Law of Ukraine “On Road Transport” includes article 75, according to 
which road traffic accidents involving vehicles of road operators – physical or legal entities engaged in transport 
of passengers and goods - are subject to technical investigation. Technical investigations shall be carried out 
without interference in the work of bodies, the procedural investigation activities of which are foreseen in the 
legislation. 
 
In particular BASt experts have been conducting analysis of existing legislation and already developed draft 
legislation in Ukraine in the field of investigation of accidents resulting in heavy consequences. BASt have been 
providing recommendations on duties and responsibilities of the Ministry of Infrastructure and other 
stakeholders during the technical investigation. Best EU/international practice has been introduced by means of 
a stakeholder workshop. BASt has been elaborating detailed procedures for the technical investigations and 
conducted training workshops for Ukrainian experts from the MoI. To the end a study tour to Germany has been 
organized, demonstrating also the GIDAS investigation to the Ukrainian partners. 
 

 

Figure 2: Workshop on the implementation of technical accident investigations in Ukraine, Kiev 
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2.1.2. Study on winter tyres 

Winter tyre use for passenger cars is mandatory in Germany if there is snow or ice on the road. Commercial 
vehicles are required to have tyres with winter characteristics only fitted to their driven axles, and no specific 
limits for tyre wear and age are set for any vehicles' winter tyres. 
Since wear and age of tyres might have a considerable effect on their friction coefficients, BASt has been asked 
to perform an extensive study on winterly road surfaces to identify reasonable limits. In general, passenger car 
tyre properties decrease substantially with profile depths below 4 mm, but not with age. This effect had not been 
found with commercial vehicle tyres. 
It seems that a situational requirement to fit belt chains to driven axles could improve the climbing ability of 
commercial vehicles in specific situations. Since a large amount of traffic jams on German highways in winterly 
conditions is due to trucks being stuck, this could in fact improve winterly traffic flow. 
 

2.1.3. Study on Camera-Monitor-Systems 

Within the automotive context camera monitor systems (CMS) can be used to present views of the traffic 
situation behind the vehicle to the driver via a monitor mounted inside the cabin. This offers the opportunity to 
replace classical outside and inside rear-view mirrors and therefore to implement new design concepts, 
aerodynamically optimized vehicle shapes and to reduce the width of the vehicle. Further, the use of a CMS 
offers the potential to implement functionalities like warnings or situation-adaptive fields of view that are not 
feasible with conventional rear-view mirrors. Despite these potential advantages, it is important to consider the 
possible technical constraints of this technology and its effect on driver perception and behavior. On the 
technical side and besides the field of view and the robustness of the system, aspects like functionality at day 
and night as well as under varying weather conditions have been object to a scientific investigation conducted 
by BASt. Concerning human machine interaction the perception of velocities and distances of approaching 
vehicles have been considered as they might be different for CMS as compared to conventional rear-view 
mirrors. Potential influencing factors like the position of the display or drivers’ age have been taken into 
account. Within the BASt study CMS have been tested under controlled conditions as well as in real traffic for 
passenger cars and heavy goods vehicles. 
In general, it was shown that it is possible to display the indirect rear view sufficiently for the driver, both for 
cars and trucks, using CMS which meet specific quality criteria. Depending on the design, it is even possible to 
receive more information about the rear space from a CMS than with mirror systems. It was also shown that the 
change from mirrors to CMS requires a certain period of familiarization. However, this period is relatively short 
and does not necessarily result in safety-critical situations. 
In June 2016 the corresponding UN Regulation No. 46 "Uniform provisions concerning the approval of devices 
for indirect vision and of motor vehicles with regard to the installation of these devices" entered into force. 
As some characteristics regarding the human machine interaction need to be clarified BASt carries out a 
continuative study (see 2.2.3 HMI aspects of Camera-Monitor-Systems) 
 

2.1.4. Urban Space: User oriented assistance systems and network management 

Together with 30 partners including automobile and electronics manufacturers, suppliers, communication 
technology and software companies as well as research institutes and cities BASt has joined the national project 
UR:BAN1 which started in 2012 running for a four-years-term until April 2016. The project has been funded by 
the Federal Ministry of Economic Affairs and Energy. UR:BAN focused on the development of advanced driver 
assistance and traffic management systems for cities and pays special attention to the human being in all aspects 
of mobility and traffic. 
UR:BAN also covered the evaluation and prediction of vulnerable road users (pedestrians and cyclists) behavior 
and movements. With regard to the complexity of urban traffic UR:BAN aimed at supporting the driver in 
performing maneuvers such as driving in narrow or obstructed streets, resolving conflicts with opposing traffic 
and performing lane changes. By means of novel panoramic sensing and prediction capabilities collisions can be 
avoided by automatic braking and/or swerving. BASt was also involved here with legal expertise since the legal 
implications of the functions developed in UR:BAN needed cross-evaluation. Furthermore an experimental 
psychological study was carried out. 
The study aimed to analyze drivers’ ability to control the intervention of an emergency steering assistant in a 
real driving scenario. A false activation of a system-initiated steering torque overlay occurred at a time when the 
                                                           
1 www.urban-online.org 
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driver’s attention was distracted from the primary driving task by operating a visually and cognitively 
demanding secondary task. Subjective assessment showed more critical ratings of controllability under 
distraction than without distraction. There was no significant effect of distraction on lateral acceleration during 
drivers’ oversteering the malfunction of the system. However, the lane keeping performance of the drivers 
indicated a significantly higher lateral deflection shortly after the malfunction in case the drivers were 
distracted. 
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2.2. Ongoing research  

2.2.1. Turning Assist Systems For Trucks 

Accidents between right turning trucks and straight riding cyclists often show massive consequences. Accident 
severity is much higher than in other accidents. The situation is critical especially due to the fact that, in spite of 
the mirrors that are mandatory for ensuring the field of view for the truck drivers, cyclists in some situations 
cannot be seen or are not seen by the driver. Either the cyclist is overlooked or is in a blind spot area that results 
from the turning manoeuvre of the truck and its articulation if it is a truck trailer or truck semitrailer 
combination. 
At present driver assistance systems are discussed that can support the driver in the turning situation by giving a 
warning when cyclists are riding parallel to the truck just before or in the turning manoeuvre. Such systems 
would generally bear a high potential to avoid accidents of right turning trucks and cyclists no matter if they ride 
on the road or on a parallel bicycle path.  
BASt therefore carried out a research project in order to develop a testing method and elaborate requirements for 
turning assist systems for trucks. In-depth accident data was evaluated. These findings served to determine 
characteristic parameters (e.g. boundary conditions, trajectories of truck and cyclist, speeds during the critical 
situation, impact points). Based on these parameters and technical feasibility by current sensor and actuator 
technology, representative test scenarios and pass/fail-criteria were defined. 
The feasibility of the test procedure, taking into account available test tools and test effort, has shown that 
readily available test tools with slight modifications are appropriate to simulate a bicyclist travelling close to a 
truck. All the information (accidentology, verification test results etc.) has been brought into the UN ECE 
working group on general safety, and finally, the regulation development process has been started by Germany 
submitting a proposal as a working document for the April, 2017 session of UN ECE's GRSG. 
 

2.2.2. PROSPECT 

Several vehicles that are currently on the market feature automatic emergency braking (AEB) systems either as 
standard or optional fitment. Assessment procedures for these systems are under development or already 
available. Their expected positive effect on accident figures is taken into account in consumer testing. 
However, current systems suffer from a few limitations. Their intervention in critical driving situations occurs 
shortly before this event - at a time when the vehicle driver has almost no chance to avoid the accident by itself. 
As a consequence, this late reaction time makes it difficult for the AEB system to avoid (e.g. vehicle comes to a 
full stop just in front of the threat), in particular in high speed scenarios and scenarios with obscured pedestrians. 
If the braking intervention would start too early, there would be plenty of false activations in regular traffic, 
even in perfectly normal situations - which is not acceptable for traffic flow, from a safety perspective, and last 
but not least for the driver. Also, current systems only have access to vehicle braking systems. There's no 
automatic steering system in production (some prototypes are available). 
Proactive safety systems especially for pedestrians and cyclists can be more effective, if they tune their 
intervention timing better to the traffic situation and driver fatigue, and if they use steering intervention 
additionally to braking intervention. 
This is where the PROSPECT (Proactive Safety for Pedestrians and Cyclists) project comes in: PROSPECT 
does develop advanced Human-Machine Interfaces (HMI) as well as advanced vehicle control strategies for 
combined steering and braking. The advanced HMI does monitor the driver's directional attention and for 
instance intervene earlier in cases where the threat is out of the driver's focus. The control systems make use of a 
tremendously increased radial sensor range to find the optimal combination of steering and braking, and 
advanced sensor interpretation systems allow to better judge the intention of pedestrians along the vehicle route 
with respect to their direction of movement. 
To estimate the benefit for these new functions, advanced testing and validation methods need to be developed. 
Current validation of automatic brake systems is carried out on a test track, without irritating objects, road 
clutter, road signs or lines; thus, in rather artificial surroundings. PROSPECT does not only introduce novel 
realistic surrogate targets, but also performs testing in realistic surroundings including other moved objects, 
infrastructural facilities, clutter and the like.  
Final output of PROSPECT are be three vehicle demonstrators, to be tested in detail using state-of-the art 
surrogate targets for pedestrians and newly developed surrogate targets for bicycles and their riders. 
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2.2.3. HMI aspects of Camera-Monitor-Systems 

Since June 2016 conventional outside and inside rear-view mirrors can be replaced by Camera-Monitor-Systems 
to present views of the traffic situation behind the vehicle to the driver. At that time the corresponding UN 
Regulation No. 46 "Uniform provisions concerning the approval of devices for indirect vision and of motor 
vehicles with regard to the installation of these devices" entered into force (see 2.1.3 Study on Camera-Monitor-
Systems) 
Based on the previous study and UN Regulation No. 46 BASt has started a follow-up project which focuses on 
specific human machine interaction aspects. On the one hand, different display positions (peripheral, central in 
front of the driver and in the center of the vehicle – according to height variations in accordance with UN-R 46) 
should be investigated in terms of perceptional speed, discrimination possibilities and human’s (direct) view. On 
the other hand, the effect of merged presentations of backward information on human’s perception should be 
explored. Besides that, the project focuses on human’s perception of distances and velocities at high differential 
velocities in a real driving scenario. This project will finish end of 2018. 

 

2.2.4. Accessibility in long distance buses 

In order to deregulate passenger transport, German long-distance bus operators are now allowed to compete 
against one another and against rail transport. To meet the requirements of all passenger groups in the light of 
inclusion, their buses will have to e.g. provide two wheelchair spaces by 2020 (by 2016 for newly registered 
vehicles) and fulfill UNECE-R 107. These requirements build not only towards the German wide aspiration to 
reduce accessibility barriers, but also towards the goal to avoid barriers systematically in the future. So far, it is 
not clear if other specifications for equipment going beyond those accessibility requirements in long-distance 
buses are needed to ensure an appropriate degree of accessibility. For that purpose BASt initiated a first research 
project carried out by Human Factors Consult, Berlin. After having defined accessibility in this context, the 
main goal of the research project was to derive recommendations for measures to be taken when designing and 
building accessible long distance buses as a basis for international discussion on harmonised regulations. The 
project therefore included two subordinate tasks: first to gather stakeholder requirements and define accessibility 
which was both done using questionnaires and workshops and second to compose recommendations for 
respective measures. Different kinds and degrees of disabilities were regarded. The measures focused on the 
vehicle itself, the operation of the long-distance buses and on operation personnel. Road infrastructure issues 
were demonstrated using examples for best practice. Deriving measures took also into account the state of the 
art technology for barrier free access and examples coming from the rail sector. In the end also costs, feasibility 
(technical limits) and practicability were considered when assessing the measures proposed. 
Based on the first research project a second one develops a hand book "Accessibility in long distance buses 
service" carried out by STUVA, Köln. This document shall act as an easily comprehensible, concise brochure 
with examples of "best practice" and it is intended to promote and support the implementation of accessibility in 
practice by the actors. The handbook does not only include accessibility measures for the vehicles required by 
the German law (section 42 of PBefG), but also includes infrastructure and operation. The final report serves as 
a basis for the preparation of the hand book. As a research report, it goes far beyond the scope of the hand book. 
Despite the relatively young remote bus market, there are already positive examples in the three areas of 
vehicles, infrastructure and operation. The developments are still at the beginning. The handbook is expected to 
contribute a rapid dissemination of constructive, practice-oriented solutions, thus improving the accessibility of 
long-distance bus services in a sustainable manner, taking into account the interests of the different actors. 
 

2.2.5. Safety of children in cars 

After the entry into force of Phase 1 of the new regulation UN R129 for child restraint systems (CRS) dealing 
with ISOFix Integral “Universal” CRS (“i-Size”), BASt published a brochure “Kindersicherheit im Auto” to 
explain the new regulation (also available for download in English “Child Safety in Cars”) and give an overview 
on the use of child restraint systems. This booklet was the basis for the UNECE brochure “UN Regulation No 
129 – Increasing the safety of children in vehicles – For policymakers and concerned citizens” 
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Figure 3: Brochures to explain UN Regulation 129 

BASt further supported the work of UNECE/GRSP Informal Group “Child Safety” dealing with Phase 2 of UN 
Regulation 129 to include child restraint systems for older children, boosters with backrest, into the regulation. 
For these CRSs, were the child is secured by the vehicle belt, also a stature based system depending on the 
standing height of the child is used. For children up 135cm standing height the CRS can be universal, which 
means, that it will fit on an i-Size labeled vehicle seat. Phase 2 was agreed by WP 29 and will enter into force 
soon. Boosters without backrest remain in the UN Regulation 44. The UNECE/GRSP Informal Group “Child 
Safety” therefore developed changes for the UN R44 so that future homologations for boosters without backrest 
will only be allowed as group 3 CRS (from 22 kg) with a labeling that does not allow the usage below 125cm. 
The Informal Group “Child Safety” is now working on the third phase of UN Regulation 129 to implement 
integral CRSs connected to the car by using the vehicle belt system.  
 
Euro NCAP developed a new protocol which includes the Q6 and the Q10 dummies as rear seat occupants in 
dynamic ODB and side impact tests. The idea behind is to improve the protection of rear seat occupants 
especially taller children but also small adults. In addition the CRS-car interface compatibility assessment 
protocol and the protocol for the vehicle based assessment were changed with regard to i-Size products to 
support the possibility to use CRS homologated according to the UN Regulation 129 in new vehicles.  

2.2.6. Appropriate helmets for S-Pedelecs 

Pedal electric bicycles have gained in importance on German streets. With the relatively new category of faster 
Pedelecs so-called Speed-Pedelecs or S-Pedelecs, the boundaries between bicycles and mopeds become blurred. 
With the legal equality between S-Pedelecs and mopeds the legal provisions for the use of helmets have to be 
reconsidered. While the moped is entirely powered by its engine, the engine of an S-Pedelec only assists the 
rider. Therefore riders of S-Pedelecs have to apply themselves physically which results in different needs 
regarding the weight and ventilation properties of helmets. To allow riders of S-Pedelecs to comply with the 
helmet laws without the constraint to use conventional motorcycle helmets, a new helmet category has to be 
admitted. BASt will define reasonable properties for helmets intended for the use by S-Pedelec riders. With the 
analysis of GIDAS accident cases and other databases, the most critical accident situations of S-Pedelec riders 
will be identified. The state of research regarding head injuries and possible countermeasures as well as the 
requirements of helmet standards other than the UNECE-R 22 and the EN 1078 will be considered. The 
gathered knowledge will result in requirements for helmets to adequately protect the riders of S-Pedelecs 
without compromising the opportunities to implement sufficient ventilation and weight reduction. 
 

2.2.7. Active Bonnets 

A Euro NCAP technical working group tasked with the update of the pedestrian test and assessment procedures 
finalized its activities in the year 2015. However, initiated by BASt, the topic of testing and assessment of active 
systems of passive vehicle safety was discussed again during the course of 2016. Deployable bonnets are 
expected to provide a certain clearance between the inner panel of the bonnet and the underlying structure in 
order to sufficiently protect pedestrians in case of a head impact during a collision with a motor vehicle. This is 
done within Euro NCAP by a direct comparison of the deflection of the undeployed with the deflection of the 
deployed bonnet on the one hand and by establishing a total clearance requirement under consideration of the 
package on the other hand.  
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In the meanwhile, a Task Force Deployable Systems under the umbrella of the UN/ECE agreement of 1998 and 
sponsored by the Republic of Korea has been settled. Aim is to implement legal requirements for deployable 
systems within GTR9 on Pedestrian safety. While the group’s overall target will include, but is not limited to 
ensuring the activated passive vehicle safety system being in the intended position prior to head impact of a 
pedestrian, BASt is furthermore aiming at the implementation of prerequisites simulating real world accident 
situations to ensure the system working as intended in real life, as e.g. a minimum under bonnet clearance as 
depicted in Figure 4. 
 

 
 

Figure 4: Under bonnet clearance leading to bottoming out of headform impactor in pedestrian component test 

 

2.2.8. SENIORS 

As the demographic change leads to an aging society and obesity is becoming more prevalent, the SENIORS 
(“Safety ENhanced Innovations for Older Road users”) project aims to improve the safe mobility of the elderly, 
and persons who are overweight, using an integrated approach that covers the main modes of transport as well 
as the specific requirements of this vulnerable road user group. BASt coordinates this research project funded by 
the European Commission within the Horizon2020 program (Grant Agreement No. 636136) which has started in 
June 2015 and aims to finish in May 2018. More information can be found on www.seniors-project.eu.  
 
SENIORS primarily investigates and assesses the injury reduction in road traffic crashes that can be achieved 
through innovative and appropriate passive vehicle safety tools as well as safety systems. The goal is to reduce, 
in the near future, the numbers of fatally and seriously injured older road users for both major road user groups: 
car occupants and external road users (pedestrians, cyclists, e-bike riders). Hereby, the project covers research 
topics such as crash, hospital and behavioural data analysis, biomechanics, the development of test tools, 
procedures, and assessments. Further, to gain required data, tests with volunteers and with post-mortem human 
subjects are carried out, crash and impactor tests are conducted and numerical human body model simulations 
are performed. BASt is deeply involved in nearly all of these technical activities. 
 

2.2.9. Human Body Modeling  

Finite-Element Human Body Models (HBMs) have considerably gained in importance as complementary tool to 
dummy models. The models are not only capable of representing humans of different sizes and ages. They can 
also be used for simulating complex accident scenarios, e.g. in impacts involving more than one vehicle or 
occurring under a complex loading direction, or simulating pre- and in-crash scenarios simultaneously. 
Furthermore, they have the potential to become method of choice when evaluating new seating or interior 
configurations expected for highly automated cars.  
For this reason BASt is supporting the consortium THUMS User Community (TUC). TUC is a project 
coordinated by University of Munich (LMU) in cooperation with partners from the automotive industry. Aim of 
this project is to develop standardized validation and application procedures as well as agreed methods for the 
evaluation of crash simulation results based on a harmonized HBM version. 
BASt thereby considerably contributes to the development of agreed validation procedures. A substantial 
validation is fundamental to establish credibility in HBMs and to qualify the models to be used for the 
optimization of safety systems in cars. However, standardized methods for a user-independent objective 
validation are missing. Therefore, a validation repository is developed within the TUC project and made 
publicly accessible aiming to provide standardized validation protocols to the HBM community. The repository 
should include the simulation models of the validation environments, validation parameters in terms of response 
corridors and a detailed protocol of how to use the data for the application of any HBM. 
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Within the EU funded project SENIORS (dealing with the safety of older road users), BASt makes use of 
HBMs to improve vehicle safety. In one part of the project focusing on car occupant safety, BASt is working 
together with other project partners on a novel methodology to develop improved dummy-based thoracic criteria 
by paired HBM and dummy simulations.  
Another part of SENIORS focuses on external road users in which an improved legform impactor with upper 
body mass, a head impactor with neck mass and a thorax injury prediction tool are envisaged to be developed 
also greatly with the support of HBM simulations. Corresponding HBM and impactor simulations were 
conducted against several actual vehicles and rigs, representing different frontends (Sedan, SUV, Sportscar, 
MPV), see Figure 5. Based on this work transfer functions and impactor prototypes will be developed. 

                          

Figure 5: HBM and impactor simulations vs generic test rig 

 

2.2.10. EEVC Task Force TEFIRE (THOR Evaluation for Frontal Impact Regulation) 

At ESV 2015 in Gothenburg, the European Enhanced Vehicle-safety Committee (EEVC) announced that it had 
formed a new Task Force (TEFIRE) to provide advice to the EEVC Steering Committee regarding the 
applicability of THOR-M in UN frontal impact crash safety legislation. Main objective of TEFIRE was to 
provide advice on several issues regarding the THOR-M including: 

• Repeatability and reproducibility (R&R)  
• Handling, durability and qualification procedures 
• Seating procedures 

As some of these topics were also of interest to Euro NCAP in relation to its planned introduction of the THOR 
dummy in 2020 the two organizations agreed to join their resources to evaluate the dummy. During the last two 
years BASt actively supported all activities within TEFIRE group. Based on a workshop held at BASt in 
October 2015, as well as other member’s experience with testing and the seating procedures, comments and 
recommendation regarding the THOR-M were summarized. 
Significant improvements have been made to the THOR-M dummy, particularly regarding durability, which is 
now very good. Based on the findings of the group further improvement regarding certification requirements are 
needed to reduce variability between dummies. It was found that current data is based on dummies that have a 
range of performance in certification tests, which increases variability. This needs to be addressed in further 
testing. 
Despite this, repeatability is considered to be Excellent or Good based on sled tests conducted by BASt and 
other TEFIRE members. Some remaining concerns regarding reproducibility, particularly for the thorax should 
be further addressed. However, evaluation of the reproducibility of the injury metrics indicated that the metrics 
are less variable than the individual measurements. 
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Figure 6: Investigation of repeatability and reproducibility of the dummy THOR-M in sled tests 

 

2.2.11. GIDAS – new requirements to address new vehicle technology  

In summer 1999, a joint effort between FAT (Research Association of Automotive Technology) and BASt 
(Federal Highway Research Institute) started the German In-Depth Accident Study (GIDAS) which is one of the 
largest in-depth accident data collections, recording more than 3,000 parameters per crash. Since then vehicles, 
objectives in road traffic policies and consequently research questions have changed. While the enhancement of 
passive vehicle safety has been the main objective during the start of GIDAS, requirements to modern field data 
collections change to gathering crucial information about pre-crash maneuvers and vehicle equipment with 
respect to crash avoidance technologies. 
 
In modern vehicles, driver assistance functions are increasingly supporting the driver in complex or dangerous 
situations by applying preventive strategies. These strategies include warnings, enhanced braking assistance, and 
automatic interventions to increase road safety. A key challenge is to quantitatively assess the safety 
performance in terms of reduction or mitigation of traffic crashes, as these real-life effects are key 
considerations for all stakeholders involved in the planning of future mobility. Crash re-simulation and 
stochastic traffic simulation provide large opportunities to predict these effects. Both approaches require widely 
recognized models and reliable simulation. Hence, in order to agree on validity and reproducibility, the overall 
method, from the combined use of heterogeneous data sources in modeling to simulation metrics must be 
transparent. 
 
Virtual “what-if” re-simulation based on reconstructed crash trajectories may show if a system had affected 
particular crashes on a case-by-case basis. However, reconstruction relies on limited traces and does not cover 
the complete traffic situation. But stochastic traffic simulation based on accident data can model how conflicts 
emerge and how to avoid or mitigate them. The GIDAS consortium is part of an initiative, which will provide a 
free access, functional framework for a reliable effectiveness analysis. This will necessarily allow incorporating 
additional data sources and results from other evaluation methods to the GIDAS accident data: e. g. track tests 
or driving simulator experiments. 
For future validation and verification, ex-post statistical analysis is still to be considered after a system is 
introduced into the mass market. 
 

 

2.2.12. Estimation of the number of seriously injured road traffic casualties in Germany 

Since 2015 the EC has been asking the member states of the EU to report on the number of seriously injured 
road traffic casualties, MAIS 3+. In Germany this number is determined by two different methodological 
approaches. The first approach is based on data from the German In-Depth Accident Study (GIDAS). The 
second approach is based on hospital data from the German TraumaRegister DGU® (TR-DGU). 
GIDAS data were used in order to learn which types of accident scenarios show a rather high (or low) 
probability for hospitalized MAIS 3+ road traffic casualty. Applying a decision tree method 17 accident 
scenarios with characteristic high or low probabilities for MAIS 3+ casualties have been identified.  
Extrapolating the results to the National German Road Accident Statistics, a total number of 15,442 seriously 
injured road traffic victims (MAIS 3+) has been calculated for the year 2015. This correlates to 22.8 % of all 
hospitalized casualties (67,706). For 2014 a number of 15,392 MAIS 3+ victims has been computed. 
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The second approach, used as a plausibility check on the GIDAS based estimate, uses data from Intensive Care 
departments of Trauma centers and takes into account severe injuries (ISS16+) and some correction factors. 
This approach results in a number of 15,838 seriously injured MAIS 3+ for the year 2015, which is quite in line 
with the prediction based on GIDAS data. 
Further investigation of the group of seriously injured MAIS 3+ casualties shall highlight specific risk groups of 
road users and derive countermeasures at a national and at EU level. 
 

 

Figure 7: Multiple rib fracture is one of the most frequent AIS 3 injuries in road traffic, leading to seriously 
injured casualties 

 

2.2.13. Heavy Goods vehicles with extended length 

Unlike other European countries, Germany did not allow heavy goods vehicles longer than 18.75 m (truck-
trailer) respectively 16.5 m (tractor-semitrailer). Since for some applications additional space is needed, BASt 
did conduct a field trail on heavy goods vehicles with extended length but without increased gross weight (the 
maximum vehicle combination gross weight stays at 40 tons) in the timeframe 2012 to 2016. After successfully 
completing this trail, four of the five different vehicle combination types have been approved for regular traffic 
on a set of designated roadways and if these vehicles do fulfil specific technical requirements like e.g. electronic 
brake system, air suspension, rear-view camera etc. 
Automotive engineering questions in the field trail were e.g. whether those longer trucks would require other 
(longer) braking distances, which was confirmed to not be the case, and whether current vehicle stability control 
systems are able to stabilize those vehicles in certain critical driving situations. 
 Currently, the only remaining question is whether combinations consisting of a tractor-semitrailer and an 
additional centre-axle-trailer are controllable in critical situations due to their high number of articulations. This 
question will be answered by an extensive set of driving experiments over summer 2017.  
 

2.2.14. Automatic Emergency Braking for Heavy Goods Vehicles 

Automatic braking systems for heavy goods vehicles are mandatory across the European Union. While 
the requirements for pre-accident speed reduction on a moving target with 68km/h reduction from 80 km/h are 
quite demanding, the required speed reduction towards a stationary target is not so strict (13 or 28 km/h from 80 
km/h, depending on truck type). One major weakness of the AEBS regulation is the possibility for drivers to 
switch those systems off (required for rare conditions where the AEBS sensors cannot interpret the environment 
and thus might act inappropriately) without requiring a mechanism to re-activate the AEBS at a time when the 
need to switch off has disappeared, the other weakness is that vehicle deceleration is limited during the 
mandatory warning phase. 
BASt is carrying out a research project to investigate how an automatic re-engagement of those systems could 
be handled and if an adaption of the speed reduction requirements to the current state of the art might be 
appropriate. Furthermore the possibility to resign the switch off function completely will be determined. Results 
are expected by late 2018, it is planned to use the results for an international discussion on UN ECE level about 
an adjustment of UN Regulation 131. 
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2.2.15. Requirements and Tests for Automatically Commanded Steering Functions (ACSF) 

Except for corrective steering functions automatic steering is up to now only allowed at speeds up to 10 km/h 
according to UN Regulation No. 79. Progress in automotive engineering with regard to driver assistance systems 
and automation of driving tasks is that far that it would be technically feasible to realise automatically 
commanded steering functions also at higher vehicle speeds. Besides improvements in terms of comfort these 
automated systems are expected to contribute to road traffic safety as well. However, this safety potential will 
only be exhausted if automated steering systems are properly designed. Especially possible new risks due to 
automated steering have to be addressed and reduced to a minimum. 
For these reasons work is currently ongoing on UNECE level with the aim to amend the regulation dealing with 
provisions concerning the approval of steering equipment. It is the aim to revise requirements for automatically 
commanded steering functions (ACSF) so that they can be approved also for higher speeds if certain 
performance requirements are fulfilled. Reasonable system specifications from an analysis of relevant driving 
situations with an automated steering system have to be derived to cover normal driving, sudden unexpected 
critical events, transition to manual driving, driver availability and manoeuvres to reach a state of minimal risk. 
Furthermore there is the need for the development of test procedures for automated steering to be implemented 
in international regulations. This holds for system functionality tests like automatic lane keeping or automatic 
lane change as well as for tests addressing transition situations in which the system has to hand over steering to 
the driver or addressing emergency situations in which the system has to react instead of the driver. 
 

2.2.16. Research program road safety 

The Federal Highway Research Institute (BASt) has the task to carry out purposeful planning and coordination 
of research in the area of road safety and to examine traffic safety improvements. 
For this reason BASt elaborates an annual research program, which addresses specific and anticipated safety 
deficits in road traffic in order to provide scientifically sound information as a base for advice and support of the 
Federal Ministry of Transport and Digital Infrastructure (BMVI). 
 
The midterm report of the German Road Safety Program has identified as key issues the accidents of pedestrians 
and cyclists inside urban areas as well as accidents of cars and motorcycles on rural roads were. 
 
Therefore BASt has compiled the clustered research program road safety (Sicherheitsforschungsprogramm, 
SiFo) 2016 with two focus points: 
One key dimension will address road safety of bicycles in particular on inner-city roads. The second part will 
perform an in in-depth analyze of motorcycle safety with focus of Landstraßen, rural roads.  
 
Safety of pedestrian in urban areas will be evaluated in the 2017 research program road safety. 
 

2.2.17. aFAS 

The project „aFAS“ (Driverless Safeguarding Vehicle for Highway Shoulder Roadworks“) aims at the driverless 
operation of a safeguarding vehicle in order to reduce the risks for workers driving these vehicles today. The 
project has just delivered midterm review and put on a demonstration to take stock of its work until September 
2016 at BASt. So far, the demonstration vehicle has proved capable of following the mobile roadworks 
automatically on testing grounds (designed to be the hard shoulder of a German motorway). The vehicle 
presently still requires a driver for safety-reasons. During automated operation, the speed will be limited to 10 
kph (~6 mph) which is the average speed required for the performance of roadworks by the vehicle in front 
(cleaning, grass cuttings etc.). The safeguarding vehicle is intended to be driven manually up to the place of 
work where the automation is activated so that no driver is needed within the domain (driverless). Both vehicles 
are connected via Wifi for the sake of driving-mode activation but the safeguarding vehicle relies fully on the 
sensor system for safety.  
The development of the safety concept for driverless use on public roads is the most challenging part. It must be 
ensured that the automated, driverless vehicle will not leave the hard shoulder and head into the traffic passing 
by (most critical scenario). This key aspect is implemented by means of a sensor system able to detect the road 
marking reliably and by activating a second “safety path” (braking the vehicle to immediate standstill - the 
minimal risk or safe state).The standard ISO 26262 is being considered as guideline and reference for this work. 
BASt is also involved in the identification of the standards’ legal limitations. 
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Figure 8: Interim presentation at BASt, September 2016, © BASt 

 

2.2.18. Ko-HAF 

In 2015 a new research project concerning cooperative, highly automated driving (Ko-HAF) has started. BASt 
has joined into a national consortium with automobile and electronics manufacturers, suppliers, communication 
technology and software companies, research institutes and road administration. The project aims at the 
development of cooperative, highly automated driving on motorways, i.e. for high speed ranges on well 
constructed road infrastructure. This includes a significant improvement of forecasts for environmental detection 
in addition to the automation of the longitudinal and lateral control of vehicles. 
The driver can not be taken entirely out of the loop during highly automated driving. Therefore, the readmission 
of the driving task by the human within a certain lead time will be researched in Ko-HAF as well. Several test 
vehicles will be constructed for testing and demonstration of highly automated driving under normal conditions 
and in case of system failure. The new vehicle operation will take place on test tracks and on public roads. 
Key activities of BASt – in an academic part – are the definition and specification of relevant data on traffic and 
road conditions to be stored in the back end, the evaluation of usability of external data for the use cases of 
highly automated driving, the design of data exchange with third parties and the evaluation of data protection 
issues. 
In a first practical part, BASt conducted a driving test to classify the effect of driver’s vigilance in a semi-
automated drive when permanent monitoring of an automated driving function is necessary over long time 
intervals. Participants were driven in a 'Wizard of Oz' vehicle, meanwhile fatigue measurements were performed 
by using psycho-physiological data, e.g. EEG (electroencephalography) as well as behavioral data. The 
experiment also focused on the influence of small automation failures regarding driver’s vigilance. The 
effectiveness of possible countermeasures will be investigated in a second step. 
 

2.2.19. PEGASUS 

PEGASUS (project for the establishment of generally accepted quality criteria, tools and methods as well as 
scenarios and situations for the release of highly-automated driving functions) develops tools and procedures for 
the testing and homologation of automated vehicles. The 17 project partners from science and industry fields 
define hereby a state-of-the-art technology for the safeguarding of highly-automated driving and demonstrate 
the development in a practical manner, using the example application of the highway chauffeur, which takes 
over the highly-automated driving on the highway. With this project, key gaps in the field of testing will be 
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concluded at mid-year 2019, up to the release of highly-automated driving functions. The objective is to develop 
a procedure for the testing of automated driving functions, in order to facilitate the rapid implementation of 
automated driving into practice. 
BASt is an associated partner of PEGASUS and contributes to the "Evaluation of automation risks of a highly-
automated driving function". The aim of the evaluation is the identification of automation risks which arise from 
the interaction between a highly automated vehicle and the driver. In a first field study performed on highways, 
factors of the traffic surrounding the automated vehicle (e. g. traffic density) are identified and their effects on 
the takeover capability of the driver are examined. The driving tests are intended to reveal possible safety risks 
during transitions and allow an initial assessment concerning the impact of the traffic situation. In a second step, 
an advanced application scenario will be defined and also investigated in the field. Both empirical studies use 
the BASt 'Wizard of Oz' vehicle which is able to simulate the considered automated driving functions. 
 

2.2.20. CODECS 

The deployment preparation of Cooperative Intelligent Transport Systems (C-ITS) involves many stakeholders, 
including the automotive industry, National Road Authorities and road operators (including their suppliers), 
automobile clubs and organisations promoting ITS as a tool to safer, smarter and more environmental friendly 
mobility. COoperative ITS DEployment Coordination Support is a Horizon 2020 support action (36 months, 
05/2015 – 04/2018) which intends to facilitate the C-ITS deployment coordination activities on European scale 
(EC C-ITS Platform, Amsterdam Group). Focus areas of CODECS are coordination of initial deployment 
initiatives incl. profiling of standards for applications with infrastructure involvement (I2V/V2I), cross-industry 
alignment of deployment roadmaps and strategy coordination between core actors in C-ITS deployment. Now 
having reached halftime of its operation, CODECS has turned out to be a productive node in the C-ITS 
community. Further to regular congress participation (ITS European/World Congress, Smart City World Expo) 
more than ten workshops have been organised by CODECS with an average attendance of 40 experts. 
 

2.2.21. International Cooperation  

BASt holds several bilateral agreements with various governmental institutions around the world. Most of these 
Memoranda of understanding (MoU) are related to the research field “Vehicle engineering” and more 
specifically to the areas of the “Active and passive vehicle safety” as well as “In-Depth Crash investigation”.  
The main purpose of these co-operations is to discuss actual scientific road safety related topics with experts 
from the different parts of the world to strengthen common interests, to learn from each other and to reinforce 
harmonisation processes. 
To name a few, BASt holds a MoU for motor vehicle safety research with NHTSA (United States of America) 
since 2010, a MoU on cooperation to advance knowledge in the field of road traffic with KOTSA (Republic of 
Korea) since 2010 and a MoU in the field of safety and environment of road traffic with NTSEL (Japan) since 
2014. Recently, BASt has agreed on a MoU with the Chinese National Institute of Standardization (CNIS) of the 
People’s Republic of China in 2016. 
All co-operations are based on close communication and exchange of information towards the defined topics 
which also include bilateral meetings, joint symposia and even the exchange of research employees if found 
beneficial. 
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2.3. Perspective  

As the finished studies show, vehicle safety research is an international issue. Therefore BASt participated in 
applying for calls of the European framework research programme “Horizon 2020”. In addition national projects 
complement the work addressing specific research topics. BASt was successful with regard to the projects 
mentioned below. 
 

2.3.1. C-Roads Germany 

The European Commission has published its C-ITS strategy (COM (2016) 766) in November 2016 which 
heavily builds on the results of the C-ITS Platform (first phase). C-Roads, as a family of deployment pilots for 
C-ITS services, is seen from this perspective as the most important, infrastructure related, element of practical 
pre-deployment throughout the EU. The pilots (C-Roads Austria, Belgium, Czech Republic, France, Germany, 
Slovenia and INTERCOR involving in addition UK and Netherlands) complement the already existing 
deployment initiatives of the C-ITS Corridor (NL, DE, AT), SCOOP@F and NordicWay (FI, SE, DK, NO). 
Together they mobilize approx. 150 Mn EUR of infrastructure investment in C-ITS services, an amount 
potentially to be nearly doubled from the CEF Call 2016 resulting in additional C-Roads national pilots. The 
investments complements the huge efforts of the automotive industry incl. their suppliers to kick start mass 
market deployment of C-ITS services in the vehicle fleet by 2019. C-Roads has been officially launched in 
Brussels in December 2016 (see Figure 9). C-Roads Germany ties together the pilots in Hesse (Rhine Main 
region) and Lower Saxony (around Braunschweig and Wolfsburg). It is a 10 Mn pilot running until 2020 with 
the overarching goal of providing interoperable, safety and efficiency targeting C-ITS services. The BASt roles 
are devoted to the national technical coordination of C-Roads Germany and the provision of coordinated expert 
input into the various expert groups (addressing issues to be solved for deployment, i.e. organizational issues, 
security, service harmonization, infrastructure communication, evaluation and assessment of the pilots) of the C-
Roads Platform. BASt also supports the Federal Ministry of Transport and Digital Infrastructure in the Steering 
Committee representation. 
 

 

Figure 9: Official launch of C-Roads by EU Commissioner Bulc on 12th December 2016 in Brussels ©EC. 

 

2.3.2. 2.3.1 L3Pilot 

BASt will participate in the EU project L3Pilot, which starts in 2017. The L3Pilot project aims to test and study 
the viability of automated driving as a safe and efficient means of transportation, explore and promote new 
service concepts to provide inclusive mobility. The following scientific and technological objectives are to be 
addressed: a) Create a standardised Europe-wide piloting environment for automated driving, b) Coordinate 
activities across the piloting community to acquire the required data, c) Pilot, test and evaluate automated 
driving functions and connected automation, and d) Innovate and promote AD for wider awareness and market 
introduction. BASt will contribute to a study on long-term user acceptance of automated driving and to the 
assessment of impacts of automated driving on road safety.  
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